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I.  Introduction 

Probably  the  most  important  of  all  surface  analysis  techniques  are 
those  that  give  information  about  the  surface  structure.  Apart  from 
secondary  and  thermionic  emission,  they  are  also  the  oldest.  In  December 
1927,  the  following  appeared  as  the  Introductory  paragraphs  In  an  article 
In  Physical  Review:  “The  Investigation  reported  In  this  paper  was  begun 
as  the  result  of  an  accident  that  occurred  In  this  laboratory  In  April 
1927.  At  that  time,  we  were  continuing  an  Investigation.  .  .  of  the 
distribution  In  angle  of  electrons  scattered  by  a  target  of 
polycrystalline  nickel.  During  the  course  of  this  work  a  liquid-air 
bottle  exploded  at  a  time  when  the  target  was  at  a  high  temperature;  the 
experimental  tube  was  broken,  and  the  target  heavily  oxidized  by  the 
Inrushlng  air.  The  oxide  was  eventually  reduced  and  a  layer  of  the  target 
removed  by  vaporization,  but  only  after  prolonged  heating  at  various  high 
temperatures  In  hydrogen  and  In  vacuum.  Mhen  the  experiments  were 
continued  It  was  found  that  the  dlstrtbutlon-ln-angle  of  the  scattered 
electrons  had  completely  changed  ...  The  most  striking  characteristic 
of  [the  observed  strong  beams  In  particular  directions]  Is  the  one-to-one 
correspondence  [that  they]  bear  to  the  same  beams  that  would  be  found 
Issuing  from  the  same  crystal  If  the  Incident  beam  were  a  beam  of  x- 
reys*.l'l 

Thus  was  the  diffraction  of  electrons  discovered.  It  may  seem  that 
little  has  changed  since  that  first  low-energy  electron  diffraction  (IEE0) 
experiment.  Vacuum  accidents  still  happen  (perhaps  with  less 
serendipitous  returns)  and  Ml  has  continued  to  be  a  favorite  material  for 
LEED  studies.  More  remarkable,  however,  Is  that  most  of  the  Important 
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features  of  the  diffraction  of  electrons  were  recognized  within  a  few 
years  of  the  Davisson-Germer  paper. H)  Since  then,  there  have  been 
considerable  refinements  in  the  basic  ideas  (brought  about  especially  by 
the  advent  of  ultrahigh  vacuum),  many  applications,  and  better  methods  of 
analysis  and  quantification,  as  well  as  a  periodic  rediscovery  of  the 
fundamental  ideas.  There  has  been  an  expansion  to  other  energy  ranges, 
leading  to  the  acronyms  HEED  (medium-energy  electron  diffraction)  and 
RHEED  (reflection  high-energy  electron  diffraction).  There  have  been 
considerable  instrumental  developments,^2-6^  especially  in  recent 
years,  ^7'*2^  as  it  became  apparent  that  the  resolving  power  and 
sensitivity  of  existing  instruments  were  Insufficient  to  meet  the  goals  of 
the  experiments  being  undertaken.  There  have  been  theoretical 
developments,  particularly  in  the  construction  of  dynamical  theories  of 
low-energy  electron  di  f  fraction  ,03-1*)  but  jlso  jn  tbe  an*|ysl  s  of 
structural  defects^ And  finally,  there  has  been  the  growing 
recognition  that  crystallographic  Information  is  necessary  to  interpret 
the  output  of  other  surface  spectroscopies,  with  the  consequence  that  a 
LEEO  or  RHEED  capability  has  become  standard  equipment  on  more  or  lass  all 
experimental  systems  for  surface  research. 

This  chapter  is  an  attempt  to  summarize,  in  a  tutorial  fashion,  the 
most  Important  experimental  aspects  of  surface-sensitive  diffraction.  The 
desired  result  Is  that  the  reader  will  understand  enough  of  the  essentials 
to  set  up  a  diffraction  experiment  and  interpret  the  results.  It  Is  not  a 
compendium  of  recent,  or  even  the  most  important,  results  of  surface 
crystallography.  Thus  no  attempt  has  been  made  to  develop  a  comprehensive 
list  of  references;  only  those  most  germane  to  the  goal  stated  above  are 


Included.  A  nuaber  of  reviews  exist  on  various  aspects  of  surface 
crystal lographyj 16,1 7 Especially  the  older  ones  are  well  worth 
reading  to  obtain  a  clear  overview  of  diffraction  techniques. 

We  begin  with  the  motivation  for  doing  diffraction,  namely  to  learn 
about  the  atomic  structure  of  surfaces,  by  discussing  the  general  types  of 
surface  crystallographic  information  that  can  be  obtained  with  a  surface- 
sensitive  diffraction  technique.  This  is  done  in  the  context  of  simple 
diffraction  theory.  After  the  establishment  of  this  framework  in  Section 
11,  the  rest  of  this  chapter  will  concentrate  on  experimental  aspects  of 
diffraction.  Two  major  techniques,  LEEO  and  RHEEO,  will  be  discussed. 
The  emphasis  will  be  on  LEEO  because  of  the  much  greater  activity 
historically  and  still  today  in  LEEO.  However,  much  of  the  description  of 
LEEO  applies  as  well  to  RHEEO.  Additional  discussion  of  RHEED  will  focus 
on  those  experimental  aspects  that  are  unique,  different,  or  of  particular 
value  in  certain  experiments.  Section  III  will  deal  with  measurements  of 
diffracted  Intensity  distributions  In  general  terms.  Including  a 
discussion  of  resolving  power.  In  Section  |¥  specific  measurements  are 
discussed  and  In  Sec.  V  the  Instrumentation  required  to  carry  out  these 
measurements  Is  described.  Some  representative  results  are  given  in 
Section  ¥1  and  a  brief  conclusion  follows  Section  ¥11. 

II.  Elements  of  Diffraction  Theory 

In  almost  all  Interpretations  of  surface  electronic,  chemical,  or 
transport  properties,  the  positions  of  atoms,  their  separations,  their 
deviations  form  perfect  periodicity,  or  the  positions  of  their  nearest  or 
next -nearest  neighbors  are  necessary  Inputs.  These  properties  are  ideally 


probed  with  a  diffraction  technique.  If  one  considers  the  elastic 
scattering  of  radiation  with  Momentum  from  a  rigid  cubic  crystal  with 

lattice  points 

■  *ii  *  ‘  ■!£.•  (•) 

where  m^,  *3  are  Integers,  with  atoms  located  within  each  unit  cell  at 

positions 

fv,  •  UrI  •  vt  *  “«£•  (2) 

where  un,  v„,  w„  are  fractions,  the  amplitude  at  a  given  momentum  transfer 
I  *  !  -  io  1*  b* 

Mi)  •  ^  fn  (9.0  e«p  [1  $  .  (rj^n.  (3) 

The  sum  Is  over  lattice  sites  j  and  the  atoms  n  within  a  unit  cell. 
f„(  »,  E)  Is  the  atomic  scattering  factor  of  the  n’th  atom,  whores  Is  half 
the  scattering  angle  and  fc  Is  the  energy  of  the  radiation.  Separating  the 
sums, 


Is  tlie  structure  f»ct»r.  The  Intensity  then  Is 

HS)  •  MS)  **(5)  *  |K*.f)  |*  £(i)  ,  (6) 

“h'r*  A.  li)  '»  telle,  the  Interference  function. $T(S)  ten  he  vlsuallted 
ustn,  the  concent  of  the  reciprocal  lattice,  for  e  three-dlaensiontl 
Infinite  crystal,  the  recl,roc»l  lattice  Is  e  three-dtaenstonal  err.y  of 
potots  uhose  positions  ere  given  oy  the  reciprocal-lattice  vectors  G^,. 
-,*r'  tS*ll  '  •  /<S*|  end  dM|  Is  the  distance  betneen  (hkl)  plenes. 

fhe  Interference  function  Is  periodic  ulth  G^,  nod  for  eo  erbltr.ry 
tr,M,*r  1  '«  I*  «■'“«  m  term  of  G*,  the  deviation 
pnreaeter  %  •  S  .  ^,kl.  for  a  crystal  »tth  dlnenslons  «,e.  Njb.  and  «3c. 
"here  a.  b,  c,  ere  the  lattice  constants. 

*(*,.  *  i)  »  °"?  ‘/?  ‘2 

s*n  1/2  (^|kln).a  sin*  1/2  (G^,*s).b 

i'"?  w  «3  (WD.c 

x  - y - -  (7) 

*1"  1/2  (§,*,♦*).£ 

*<&*)  *  Ws  Its  uovtmM  value.  men  ,  .  0.  I.e.,  men  s 

satisfies  the  Leue  conditions 
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1-S.ki 


S.a  •  2vtl.  S.b  .  2rt.  S.£  .  2,|, 


(») 


F(».£)  -  c  t„  <•,£)  e«p  [IS  .  £„J 


(S) 


where  h,  k,  1  are  Integers.  The  maxima  in  the  interference  function  have 
heights  proportional  to  and  widths  in  three  orthogonal 

directions  in  ^  space  proportional  to  1/hja,  1/H^b,  and  I/N3C. 

A  useful  representation  of  diffraction  from  a  lattice  1$  In  teras  of 
Its  reciprocal  lattice  and  the  Ewald  construction.  The  Ewald  sphere  gives 
siwply  the  conservation  of  energy  for  elastic  scattering,  l.e., 
xln  -  x  out  or  Uol  “  lil '  ****re  x  and  JL  ar«  respectively  the  electron 
wavelength  and  momentum.  The  superposition  of  the  Ewald  sphere  onto  the 
reciprocal  lattice  shows  conservation  of  nonentu*  as  well  as  energy  In  the 
for*  of  the  Laue  conditions  %  -  j^k,.  The  dlffracted-lntenslty 
distribution  in  angle  at  constant  energy  Is  then  given  by  the  Intersection 
of  the  Ewald  sphere  with  the  reciprocal  lattice.  The  Ewald  construction 
for  penetrating  radiation  Is  shown  In  Fig.  la  for  the  energy  and 
diffraction  geometry  appropriate  for  LEED.  An  incident  beam  with  a 
perfectly  defined  momentum  Is  assumed  and,  as  a  result,  the  Ewald  sphere 
Is  perfectly  sharp.  Figure  lb  shows  the  situation  for  penetrating 
radiation  for  the  energies  and  diffraction  geometry  appropriate  for  RHEED 
or  grazing-angle  x-ray  diffraction.  The  relationship  between  the  lengths 
of  the  k  vectors  and  the  reciprocal -lattice  vector  Is  appropriate 
respectively  for  LEED  with  150  e¥  electrons  and  (WEED  with  10,000  eV 
electrons.  As  the  energy  or  angle  Is  varied,  diffraction  spots  will 
appear  or  disappear,  but  only  one  or  several  diffracted  beams  will  be 
excited  and  hence  visible  In  the  diffraction  pattern  at  one  set  of 
diffraction  conditions. 


A.  01 f fraction  from  Surfaces 

For  an  adsorbed  Monolayer  (or  In  any  case  where  a  phase  Is  only  one 
atoMlc  layer  thick)  It  Is  easy  to  dewonstrate  that  the  reciprocal  lattice 
becowes  a  set  of  rods  normal  to  the  plane  of  the  layer.  In  Eq.  (7)  H3  •  1 
and  the  third  term  equals  one.  Implying  that  the  Interference  function  has 
a  constant  value  for  all  values  of  (G^kj  ♦»).«.  Figure  2  shows  the  Ewald 
constructions  corresponding  to  LEEO  and  RHEED  for  this  case.  It  Is 
evident  that  now  many  more  diffracted  beans  are  excited  for  any 
diffraction  geometry,  and  that  they  will  remain  excited  as  the  energy  or 
diffraction  geometry  Is  varied. 

Intermediate  between  the  limit  of  an  Infinite  three-dimensional 
crystal  and  an  Infinite  two-dimensional  crystal  Is  one  that  has  a  finite 
dimension  in  the  third  direction.  This  situation  Is  approximated  for  any 
InftnUe  three-dimensional  crystal  11  the  radiation  used  for  the 
diffraction  experiment  does  not  penetrate  the  sample  to  very  large 
depths.  This  must  clearly  be  the  case  for  all  techniques  that  are 
surface- sensitive,  but  the  limited  penetration  Is  achieved  in  different 
ways.  Under  optimum  conditions  only  one  or  two  atomic  planes  make  a 
significant  contribution  to  the  diffracted  intensity. 

The  Interference  function  for  a  crystal  that  Is  artificially  limited 
In  the  r-dlrectton  by  an  exponentially  decreasing  magnitude  of  scattering 
density  can  be  described  by  defining^47)  an  attenuation  coefficient,  a  , 
such  that 


where  Is  the  amplitude  scattered  by  the  n’th  atomic  plane.  The  total 
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scattered  amplitude  is  then 


A(S)  .  Z  f  j { ) a  eupfis.ir.],  (10) 

j.n  J  J 

where  nj  specifies  the  plane  containing  the  j'th  atom.  The  interference 
function  becomes 


sln?  1/2  II,  lj^itll.1  sir.2  1/2  «2  (G^.sj.b 

S'"*T  s,"S  ?  <WD-i 


1*q  -2  acos^^sj.c 
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Unlike  a  grating  with  a  finite  number  of  lines,  Nj,  which  produces 
Nj-2  intermediate  Interference  maxima,  such  an  attenuated  grating  produces 
only  broad  maxima  that  are  smoothly  connected.  This  implies  that  the 
reciprocal  lattice  consists  of  neither  points  (3-0)  nor  "rods"  (2-0)  but 
rather  of  "elongated  points-  or  "cigars"  In  the  c*  direction.  The 
interference  function  thus  is  modulated.  This  modulation  can  be  expressed 
in  terms  of  the  mean  free  path  for  inelastic  scattering,  ,  by(^»*2) 


(l?l 


.here  sfj  and  a*  are  respectively  the  angles  the  Incident  and  diffracted 
beams  make  with  the  surface  normal.  Because  the  last  term  in  Eq.  (u) 
never  goes  to  zero  for  attenuations  typical  of  surface-sensitive 
diffraction  techniques.  It  is  customary  to  describe  the  reciprocal  lattice 
as  a  set  of  rods,  as  for  a  single  layer,  keeping  in  mind  however  that  the 
Intensity  along  these  rods  is  modulated  with  a  period  that  reflects  the 
Interlayer  distance  perpendicular  to  the  surface.  This  is  illustrated  in 
Fig.  3. 

The  limited  penetration  of  the  radiation  in  surface-sensitive 
diffraction  techniques  is  achieved  In  different  ways.  At  the  energies 
used  in  LEEO,  10-1000  eV,  the  cross  sections  for  both  elastic  and 

inelastic  scattering  are  so  large  that  the  penetration  of  the  beam  is  very 
small.  The  inelastic  and  elastic  scattering  cross  sections  have 

approximately  the  same  magnitude,  of  the  order  of  several  A2.  The 
sensitivity  of  IEED  to  the  surface  Is  In  large  part  due  to  the  strong 
Inelastic  scattering.  The  Inelastic  mean  free  path  of  electrons,  i.e., 
the  distance  an  electron  beam  travels  In  a  crystal  before  inelastic 
collisions  reduce  the  beam  intensity  by  a  factor  of  l/e,  is  plotted  as  a 
function  of  energy  In  Fig.  4.  In  the  energy  range  of  100  e¥,  the 

inelastic  mean  free  path  may  be  as  little  as  4A.  Because  of  the  strong 
elastic  scattering,  the  "extinction  distance"  of  the  beam  is  even  less. 
For  a  reflection  diffraction  experiment,  where  a  monoenerget 1 c  beam  must 
enter  the  crystal,  and  beams  with  the  same  energy  must  exit  again,  the 
mean  "sampling  depth"  is  half  the  value  of  the  extinction  distance. 

for  high-energy  electrons  or  x-rays,  the  mean  free  path  is  much 
larger.  However,  as  Eq.  (12)  shows,  the  limited  penetration  necessary  for 
surface  sensitivity  can  be  achieved  by  maktng  and  ^  large,  I.e.  by 


grazing  Incidence  and  exit.  Eq.  (11)  therefore  also  gives  the 

Interference  function  for  RHEED  and  grazing-angle  x-ray  diffraction.  One 
can  again  think  of  this  reciprocal  lattice  In  term  of  the  approximation 
of  rods. 

B.  Surface  Defects 

So  far  it  has  been  assumed  that  the  crystal  surface  Is  infinite, 
perfect,  and  rigid.  In  this  case,  the  reciprocal -lattice  rods  will  have 
zero  width  and  the  diffraction  spots  will  be  sharp.  In  the  presence  of 
defects  the  reciprocal -lattice  rods  have  a  finite  width.  This  can  be 
readily  seen  by  letting  N|  or  Nj  be  finite  In  Eq.  (7),  In  which  case  the 
corresponding  term  Is  no  longer  a  delta  function,  but  rather  a  function  of 
the  form  sin*  hx/sln*  x,  (where  x  -  1/2  Ji.aJ,  which  has  a  nearly  Gaussian 
shape  in  its  center,  a  full  width  at  half-maximum  (FMHH)  proportional  to 
l/N,  and  wings  higher  than  those  of  a  Gaussian  proMle,  with  (11-2)  side 
bands  that  are  distinct  if  N  Is  small  and  unresolvable  If  N  Is  large. 
Limitations  in  the  order  or  the  size  of  a  crystal  in  the  dimension 
parallel  to  the  surface  thus  cause  a  different  behavior  than  limitation  of 
the  crystal  In  the  direction  perpendicular  to  the  surface  caused  by  finite 
penetration.  In  the  latter  case  subsidiary  maxima  do  not  occur  because 
the  amplitude  from  each  plane  Is  different.  In  the  former,  each  row  of 
atoms  scatters  the  same  amplitude,  and  therefore.  If  the  finite-size 
effects  are  regular,  distinct  subsidiary  maxima  can  be  observed.  In  many 
cases,  of  course,  the  disorder  Is  random  (e.g.  many  small  ordered  regions 
of  different  sizes)  and  the  subsidiary  maxima  wash  out  to  leave  only  a 
broadened  Bragg  peak  and  a  diffuse  background. 

B.l  Clean  Surfaces 

An  example  that  Illustrates  generally  the  broadening  of  reciprocal - 


lattice  rods  caused  by  defects  can  be  given  by  considering  a  distorted 
crystal,  where  the  position  of  the  j'th  lattice  site  (or  unit  cell)  Is  now 

rj’  -  rj  .  Rj.  (13) 

where  Rj  Is  the  vector  giving  the  displacement  of  the  unit  cell  from  its 
proper  position  rj.  To  describe  this  density  function,  more  Fourier 
components  are  necessary  than  for  a  perfect  crystal.  Around  a  particular 
reflection  ,  Eq.  (4)  becomes 

M£hkl'±>  "  F<*  ,E)  J  "p  ,l4) 

The  presence  of  the  Imperfection  thus  introduces  an  added  phase  factor 
exp  Cl  (5hkl*i.)  •  Consider  Rj  to  be  a  sinusoidal  variation  in 

spacing  in  the  £  direction,  1.*., 

2vx. 

Rj  ■  _6  COS  - j“,  (IS) 

where  6  Is  very  small  compared  to  £  and  »d»ere  A  is  the  wavelength  of  the 
modulation.  Then  for  the  reflection  G^, 

2vx. 

A(^k|*s)  -  F(e,E)  z  exp  t.l(GWc,*i)«Ljl  ***»  cos  “TH*  06) 

neglecting  the  term  (s  .  Rj).  Because  6  Is  small,  the  second  exponential 
can  be  expanded  to  give 


»(&*,«>  •  f<"-£>  J  tHSiki*!)  •  U] 

♦ 1  =hki-  i  c«  •*»  •  -j'  *  (l,) 

the  first  tern  Is  just  the  Fourier  transform  of  the  perfect  crystal,  uhlle 
the  second  leads  to  sidebands  at  positions  s,  ■  I  !'  /  I  frm 

main  peak.  If  the  crystal  has  a  dimension  Nje  In  the  *  direction  the  rods 
■111  he  broadened,  «1th  a  FHHM  of  the  rods  in  the  ±  direction  of 
4SX  ■  2,/hja.  If  *>.11,0,  the  sidebands  merge  «lth  the  main  rod  and 
cause  further  broadening  that  Increases  ulth  Increasing  h  because  of  the 
factor  Gj,k)  .  a  .  If  »  «  N,i,  the  estra  Intensity  goes  Into  a  background 
and  leaves  the  Min  rod  unchanged  In  uldth  but  reduced  In  Intensity. 

The  effect  on  the  reciprocal  lattice  of  several  types  of  defects  can 
be  Illustrated  by  considering  their  wavelength  a  .  far  tram pie,  dost  at 
the  Fourier  components  of  displacements  due  to  therMl  vibrations 
have  a  of  the  order  of  atomic  dimensions,  which  Is  much  sMiler  than  the 
dimension  of  a  typical  ordered  region  on  a  crystal  surface.  Idnce  theme  I 
vibrations  cause  a  diffuse  background  Intensity  that  reAices  the  Intensity 
at  the  (hk)  rod  hut  causes  no  broadening.  Similarly,  point  defects  have 
Fourier  components  that  have  mostly  SMtl  a  ,  and  they  thus  produce  only  a 
diffuse  background.  Random  lattice  strain,  on  the  other  hand,  can  have  a 
much  longer  wavelength,  of  the  site  of  the  crystal,  i.e.,  a  ~  BjS .  Hence 
random  strain  causes  broadening  of  reciprocal-lattice  rods  that  Increases 
with  Increasing  Gj|,  the  parallel  component  of  a  reciprocal  lattice 
vector.  The  dependence  of  the  broadening  on  Sj|  due  to  random  lattice 
strain  at  the  surface14®'  Is  shown  scheMtlcally  In  Fig.  S. 


Other  defects  that  are  not  as  easily  explained  In  the  above  contest 
can  also  eslst  at  a  surface.  For  example,  subgrain  (mosaic)  structure  In 
a  crystal,  shown  in  Fig.  6a.  Mnlfests  Itself  at  the  surface  as  finite- 
site  doMlns  that  have  SMll  mlsorlentatlons  with  respect  to  each  other. 
Typical  mosaic  dimensions  In  well-grown  crystals  are  of  the  order  of  I  u  m 
or  larger,  and  mlsorlentatlons  are  of  the  order  of  a  tenth  to  several 
tenths  of  a  degree.  This  ml  sor  lent  at  Ion  causes  a  broadening  of  all 
reflections  with  6l,  the  norMl  component  of  a  reciprocal-lattice  vector, 
as  is  Illustrated  in  Fig.  6b.  The  broadening  Is  easily  understood  by 
recognizing  that  each  crystallite  has  Its  oval  reciprocal  lattice  noma!  to 
Its  surface  and  that  these  mist  have  a  common  origin.  Mlsorlentatlons  of 
0.1*  are  readily  observable  by  Mklng  angular  profile  measurements  at 
various  energies  (I.e.,  6^)l,,,5°'. 

Surface  steps  represent  an  entirely  different  type  of  detect.  Many 
arrangements  of  steps  are  possfbte  on  a  surface,  with  distinctive  effects 
on  the  reciprocal  lattice.  The  step  arrangement  for  milch  the  reciprocal 
lattice  is  visualized  most  easily  Is  a  nonotontcally  Increasing  or 
decreasing  step  array  with  constant  terrace  size.  »s  shown  In  fig.  7,  the 
reciprocal  lattice  can  be  considered  as  the  product  of  the  terrace 
structure  factor  and  the  reciprocal  lattice  associated  with  the  average 
surface.  This  Is  equivalent  to  saying  that  the  surface  Is  the  convolution 
of  the  single  terrace  unit  with  the  step  -lattice-.  The  lattice  points 
for  this  lattice  represent  the  repeat  units  for  the  average  surface,  i.e., 
there  Is  one  lattice  point  associated  with  each  terrace,  because  the 
average  surface  consists  of  Mny  -lattice-  points,  the  reciprocal -lattice 
rods  corresponding  to  the  average  surface  util  be  sharp.  Because  the 
lattice  points  are  far  apart,  the  reciprocal-lattice  rods  are  close 


together.  Their  separation  Is  Inversely  related  to  the  cosine  of  the 
angle  of  cut:  the  greater  the  deviation  from  singular,  the  farther  apart 
these  rods  will  be.  The  terrace  structure  factor  Is  just  the  reciprocal 
lattice  associated  with  a  single  terrace.  Because  the  terrace  has  finite 
dimensions  H.a  and  H^b,  the  reciprocal-lattice  rods  corresponding  to  a 
single  terrace  will  be  broad,  as  discussed  earlier.  The  greater  the 
deviation  of  tne  average  surface  from  singular,  the  smaller  will  be  the 
terrace  si/e  and  hence  the  greater  will  be  the  broadening.  It  should  be 
evident  that  as  the  distribution  of  Intensity  due  to  the  terrace  structure 
factor  gets  broader  (l.e.,  smaller  terraces),  the  reciprocal-lattice  rods 
of  the  average  surface  get  farther  apart  (l.e.,  the  repeat  unit  for  the 
average  “lattice"  gets  smaller).  The  product  of  these  two  factors, 
analogous  to  Eq,  (6).  is  observed  In  reciprocal  space. 

Other  step  distributions  produce  different  reciprocal  lattices^2*). 
For  example,  if  the  terrace  size  remains  uniform,  but  the  steps  are 
alternately  up  and  down,  the  reciprocal  lattice  consists  of  rods  modulated 
In  G^that  are  not  Inclined,  because  the  average  surface  Is  flat.  This  is 
Illustrated  In  Fig.  8  and  can  be  explained  simply  In  the  following 
manner.  As  shown  In  Fig.  8a,  the  periodicity  of  the  step  structure  Is 
2Na,  where  N  Is  the  effective  maaber  of  scatterers  In  one  terrace.  The 
Interferer  ,/ictlon  can  be  described  as  the  product  of  three  structure 
factors,  one  that  describes  the  periodicity  with  2Na,  one  that  reflects 
the  scattering  from  one  terrace  of  dimension  ha,  and  one  that  gives  the 
Interference  between  terrace  and  trough.  The  first, |Fj|*,  is  a  reciprocal 
lattice  consisting  of  rods  that  are  delta  functions  (because  this 
structure  Is  Infinite)  spaced  2v/2Na  apart,  and  oriented  normal  to  the 
surface.  The  separation  of  adjacent  rods,  l.e.,  n  •  0  and  n  *  1,  reflects 


the  size  of  one  terrace  plus  one  trough.  JF^)2,  the  structure  factor  of 
one  terrace  of  dimension  IU,  consists  of  an  intensity  function  of 
form  sln2(NS  .  a/2)/sln2(S_  .  a/2)  with  maxima  spaced  2«/a  apart  (because  a 
is  the  repeat  unit  In  a  terrace)  and  with  N-2  subsidiary  maxima.  The  rods 
are  again  oriented  normal  to  the  surface.  The  main  maxima  have  a  FMHM  of 
Zv/Na,  and  overlap  three  of  the  delta-function  rods.  The  minima  of  the 
terrace  structure  factor  occur  on  alternate  delta-function  rods,  as  do  the 
subsidiary  maxima.  |F-j j2  takes  the  difference  in  z  spacing  between 
terraces  and  troughs  Into  account.  This  can  easily  be  shown  to  be  a 
function  of  the  form  |Fj|z«  2[l  ♦  cos  (h  »)  cos  (Gj^  d)),  where  h  *  0, 
1,  2  ...  Is  the  order  of  the  reflection  and  d  is  the  height  difference 
between  terraces  and  troughs.  If  this  function  Is  evaluated  at  different 
values  of  Gj,  ft  Is  found  that  Its  zeros  occur  alternately  at  the  n  >  even 
and  n  »  odd  rods.  The  product  of  all  three  structure  factors  gives  the 
reciprocal  lattice  shown  In  Fig.  8c,  with  the  rods  with  n  «  0,  28  .... 
having  maximum  Intensity,  the  adjacent  ones  having  about  half  as  much 
intensity,  and  the  subsidiary  rods  having  a  few  percent  of  the  Intensity 
of  the  main  rods,  depending  on  the  size  of  a  terrace.  They  are  all.  In 
principle,  visible,  although  the  subsidiary  maxima  may  be  quite  weak. 

The  periodicity  of  the  oscillation  In  6^  Is  quite  evidently  related 
to  the  step  height,  as  can  be  seen  from  the  third  structure  factor. 
Physically  this  can  be  Interpreted  as  constructive  and  destructive 
Interference  between  terraces  and  troughs.  Hhen  the  Interference  f« 
constructive,  the  diffraction  does  not  recognize  the  existence  of  steps 
and  only  the  reflections  corresponding  to  an  Infinite  lattice  with  lattice 
constant  _a  appear,  at  2vh/a.  At  other  GjJs,  the  other  rods  appear, 
and  at  characteristic  Gj^'s  the  rods  at  2vh/a  disappear  «rf»11e  all  the 


others  are  present.  Each  rod  displays  the  saaK!  periodicity  In  Gj^.  hut 
with  Minima  displaced  In  Gj^  because  the  phase  shift  due  to  G|  |  Is 
proportional  to  h.  this  periodicity  In  Is  reflected  In  all  stepped 
structures  that  have  a  unique  step  height  or  multiples  of  such  a  unique 
height.  Thus  it  is  aluays  possible  In  such  cases  to  eatract  the  step 
spacing,  simply  from  the  periodicity  of  the  oscillation  or  modulation  In 
width  of  the  reciprocal-lattice  rods. 

Introducing  a  distribution  of  terrace  sizes  causes  broadening  of 
reflections  rather  than  a  set  of  sharp  delta  functions.  The  <»ost  general 
case,  shown  in  Fig.  9,  Is  for  random  up  and  down  step  edges  occurring  at 
random  Interval S.l25)  This  situation  Is  approximated  by  most  surfaces 
that  are  nominally  flat  but  contain  steps.  The  situation  Is  similar  to 
the  alternate  up  and  down  terraces  of  uniform  size,  except  that,  because 
of  the  randomness,  the  original  delta-function  term,  |fj|2.  Is  absent  and 
does  not  have  subsidiary  maxima  but  only  a  diffuse  monotonlcally 
Changing  Intensity  between  the  maxima.  The  reciprocal -lattice  rods 
alternately  broaden  and  narrow  as  G^ls  changed.  The  periodicity  of  the 
broadening  Is  again  related  easily  to  the  step  height.  At  the  conditions 
for  which  all  the  terraces  scatter  In  phase,  the  diffraction  spots  will  be 
sharp.  At  other  GjJs.  there  will  be  partial  destructive  Interference  and 
the  spots  win  broaden.  They  will  be  broadest  (for  step  distributions 
that  contain  only  monatomic  steps  or  a  predominance  of  them)  half  way 
between  the  sharp  spots. 

If  there  Is  a  predominance  of  steps  of  a  height  different  from 
moii.tomlc,  the  broadening  mill  be  dl  f  ferent .  TMs  Is  simply 

illustrated  by  considering  all  the  steps  to  be  double  height,  causing  the 
periodicity  In  G^  to  halve.  As  the  step  height  multiplicity  increases. 


the  period  of  oscillation  decreases.  A  superposition  of  steps  with  a 
range  of  multiple-step  heights  leads  to  a  distribution  in  reciprocal  space 
as  shown  In  Fig.  10.  The  broadening  becomes  flat  over  most  of  the  range 
of  G|,  with  very  sharp  minima  In  width  occurring  at  the  positions  of 
constructive  Interference,  trttlch  do  not  change.  A  physical  analog  of 
multlatomic  steps  is  slip  planes  emanating  at  a  surface.  Slip  In  crystals 
ca»  .esult,  for  example,  during  cleavage,  and  may  result  In  step  heights 
tf  20  to  500  lattice  constants. 

•j.2  Overlayers 

Host  of  the  phenomena  mentioned  above  for  clean  surfaces  have  analogs 

In  adsorbed  over  layers.  The  most  coMaonly  observed  (If  not  the  most 

cowmon)  form  of  adsorbed  monolayer  Is  one  that  Is  coamwnsurate  with  the 
substrate  (l.e.,  adsorbed  In  regular  lattice  sites  of  the  substrate)  and 
with  a  unit  mesh  larger  than  that  of  the  substrate  (l.e..  with  a 
superlatttce).  Such  layers  are  Identified  with  a  standard  notation 
Indexed  to  the  substrate  unit  mesh,  such  as  U( 110)p(2xl)-0,  which 
indicates  an  over  layer  of  0  on  the  W(110)  face  that  has  a  unit  mesh 
dimension  that  Is  twice  the  substrate  unit  mesh  dimension  in  the  £ 

direction  and  the  same  size  as  the  substrate  unit  mesh  In  the  b 

direction,  "p"  Indicates  that  the  overlayer  unit  mesh  Is  primitive,  l.e.. 
It  contains  only  one  atom.  Similarly  W(100)c(2x2)-H  indicates  an 
overlayer  of  H  on  the  H(100)  face  that  has  unit  «esh  vectors  twice  that  of 
the  substrate  In  both  £  and  b  directions,  but  additionally  Includes  an 
•tom  In  the  center  of  the  mesh,  it  Is  thus  not  primitive.  An  equivalent 
notation  for  this  overlayer  that  does  give  a  primitive  mesh  Is 
W( 100)p(  ✓  2  x  ✓  2)  R45*-M,  «rf*ere  R45*  Indicates  that  the  overlayer  unit 
mesh  Is  rotated  by  45*  relative  to  that  of  the  substrate.  Overlayers  with 


a  periodicity  different  from  that  of  the  substrate  produce  additional,  or 
superlattice,  reciprocal -lattice  rods.  The  positions  of  these 
superlattice  rods  can  be  established  by  substitution  of  the  proper 
super  I  at  t  ice  unit  mesh  rectors  for  a^  and  b^  Into  Eq.  (7),  or  else  by  an 
argument  similar  to  that  given  by  Eq.’s  (9)-(13),  which  will  demonstrate 
that  the  new  fourier  components  produce  a  "sideband"  at  the  proper 
reciprocal -lattice  positions.  The  reciprocal  lattice  for  a  complete, 
infinite,  perfectly  ordered  monolayer  with  a  double  periodicity  in  the  *_ 
direction  [e.g,,  p(2xl),  p(2»2),  c(2*2)]  is  shown  in  Fig.  I  la .  The 
intensity  distribution  consists  of  delta -function  rods. 

Another  form  of  adsorbed  layer  Is  an  “out -of -registry"  layer,  where 
the  spacing  of  the  overlayer  atoms  is  slightly  different  from  that  of  the 
substrate.  If  one  'onslders  an  atom  at  an  origin  "lining  up"  with  a 
substrate  atom  then  the  (N  ♦  l)'st  overlayer  atom  will  again  line  up,  but 
with  the  N’th  substrate  atom,  leading  to  a  superlattice  with  a  large 
wavelength.  The  Fourier  transform  of  this  spacing  gives  sidebands,  dose 
to  the  main  maximum,  called  satellite  reciprocal -lattice  rods.  The 
formation  of  satellite  lines  can  be  caused  by  an  overlayer  that  may  be 
rotationally  or  translat lonal ly  out  of  registry,  by  a  periodic  lattice 
distortion  of  the  substrate  caused  by  overlayer  adsorption,  or  by  similar 
effects. •**)  if  the  distortion  or  displacement  ha*  a  definite  period, 
the  satellite  reflections  will  be  sharp.  Because  the  wavelength  A  of 
the  distortion  is  generally  large  relative  to  a  lattice  constant,  the 

satellite  rellectlons  will  lie  dose  to  the  position  of  the  reflections 
for  the  undistorted  or  undisplaced  lattice.  There  should  be  a 
multiplicity  of  sidebands,  at  values  of  s„  *  -~t  , 
the  main  peak  being  the  most  intense. 


Any  cannensuretely  adsorbed  monolayer  that  forms  a  superlattice  will 
have  translational  and  possibly  also  rotational  (depending  on  the  sjnmwtry 
of  the  unit  mesh)  antiphase  domains.  A  monolayer  may  exist  in  the  form  of 
two-dimensional  antiphase  at  some  finite  temperature  if 
there  Is  a  net  attractive  interaction  between  the  adsorbate  atoms.  There 
are  a  number  of  reasons  why  a  suL mono layer  might  exist  as  a  distribution 
of  Islands,  the  most  important  being  kinetic  limitations  and  substrate 
point  or  line  defects  that  act  as  nocleatlon  sites.  The  reciprocal  lattice 
appropriate  for  a  submonolayer  that  forms  antiphase  islands  depends  on  the 
coverage  and  or.  the  type  of  antiphase  boundaries  that  can  exist  for  the 
structure.  A  reciprocal  lattice  that  is  generally  applicable  at  low 
coverages  for  over  layers  that  form  a  super  lattice  is  shown  in  Fig.  Ub.  A 
distribution  of  overlayer  Island  slyes  Is  assuaed.  The  superlattice 
reciprocal-lattice  rods  broaden  while  the  fundamental  reflections  consist 
of  a  broadened  contribution,  due  to  the  overlayer  islands,  and  a  delta 
function  resulting  from  the  periodicity  Imposed  by  the  substrate.  This 
same  reciprocal  lattice  results  at  any  coverage  for  overlayer  structures 
in  which  rotational  antiphase  domains  are  allowed  [e.g.  p(2*l)  and 
p(lx2)).  This  is  easy  to  understand.  At  low  coverages.  Islands  will  be 
separated  by  a  considerable  amount  of  "sea".  Because  of  the  translation l 
antiphase  boundaries  that  always  exist  in  overlayers  with  a  superperiod, 
these  widely  separated  ordered  overlayer  regions  will  be  uncorrelated  in 
phase  (except  at  the  precise  laue  condition).  The  diffracted  intensity 
from  the  overlayer  consists  of  the  sun  of  Intensities  from  the  Individual 
islands. There  is  Interference,  however,  between  the  amplitudes 
scattered  from  the  substrate  and  from  che  randomly  arranged  Islands, 
making  the  relative  strengths  of  the  delta  function  and  the  scattering 
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f  row  the  overlayer  dependent  on  diffraction  conditions. t**)  The  reason 
that  an  overlayer  with  rotational  antiphase  domains  acts  In  the  same  way. 
Independent  of  coverage.  Is  that  these  domains  can't  Interfere  with  each 
other,  and  thus  one  always  acts  as  *sea“  for  the  other. 

For  an  overlayer  that  forms  only  translational  antiphase  boundaries 
(e.g.  p(2x2))  the  reciprocal  lattice  Is  Identical  to  that  shown  In 
Fig.  lib  at  low  coverages.  At  saturation  coverage  there  Is  no  "sea”,  and 
because  the  fundamental  reflections  are  not  sensitive  to  antiphase 
boundaries  that  occur  at  Integral  multiples  of  the  fundamental  spacing, 
these  rods  will  not  have  the  diffuse  wings,  but  will  be  sharp,  as  shown  In 
Fig.  11c.  The  superlattice  rods  are  broadened,  because  they  are  sensitive 
to  antiphase  boundaries. 

If  the  overlayer  adsorbs  commensurate ly  but  without  a  superlattice 
[p(lxl)  structure],  there  obviously  will  be  no  superlattlce  reciprocal  - 
lattice  rods.  If  two-dimensional  Islands  form,  the  reciprocal -lattice 
rods  at  low  coverage  will  be  Identical  to  the  fundamental  reflections 
shown  In  Fig.  lib.  For  a  p(lxl)  layer  there  can  be  no  rotational 
antiphase  domains,  nor  translational  antiphase  domains  In  the  sense  that 
we  have  so  far  described,  l.e.,  occupation  of  the  same  type  of  sites  but 
translattonally  displaced  by  a  multiple  of  the  substrate  lattice 
constant.  At  saturation  coverage  the  rods  will  therefore  ordinarily  be 
sharp,  as  shown  In  Fig.  He  for  the  fundamental  reflections.  However,  a 
translational  antiphase  boundary  of  a  different  type  can  occur.  This 
requires  the  occupation  of  two  types  of  sites,  e.g.,  hep  and  fee  sites  on 
an  fee  (lit)  surface.  The  resulting  antiphase  boundaries  (called  twin  or 
stacking-fault  boundaries  In  bulk  films  or  crystals)  cause  selective 
broadening  of  some  of  the  reciprocal -lattice  rods.  Fig.  12  shows  a 


schematic  diagram  of  an  overlayer  with  a  twin  boundary  and  the  resulting 
reciprocal  lattice  In  one  direction.  The  selective  broadening  of  some 
rods  can  easily  be  understood  physically  by  recognizing  that  the 
translational  mistake  at  a  twin  boundary  is  less  than  one  lattice 
constant,  thus  causing  broadening  of  all  those  rods  where  the  phase  does 
not  sue  up  to  one,  and  no  broadening  Where  It  does. 

Finally,  overlayers  may  form  as  completely  Incommensurate  layers 
that.  In  a  sense,  form  two-dimensional  ordered  rafts  that  have  no  definite 
phase  relationship  to  the  substrate  on  which  they  are  adsorbed.  The 
overlayer  has  Us  own  reciprocal  lattice.  At  any  coverage  below  a 
monolayer,  this  system  behaves  like  a  two-dimensional  mosaic,  l.e.,  there 
Is  a  random  phase  relationship  between  ordered  Islands,  but.  If  the 
substrate  Is  flat,  there  Is  no  out-of-plane  ml sor lent at  Ion  of  the 
overlayer  Islands.  If  only  translational  randomness  exists,  (l.e.,  all 
the  Islands  are  oriented  in  the  same  manner)  the  reciprocal  lattice  Is  as 
shown  In  Fig.  II.  The  (00)  rod  Is  a  defta  function,  because  the  specular 
reflection  Is  not  sensitive  to  lateral  phase  shifts.  All  the  other  rods 
will  be  uniformly  broadened.  tecause  completely  Inconmmnsurate  layers 
will  generally  also  Involve  rotational  randomness,  the  rods  turn  Into 
rings  of  finite  width,  for  all  but  the  (00)  rod. 

Islands  adsorbed  on  a  substrate  cause  a  modulation  of  the  shape  of 
the  fundamental  reflections  with  6j^lor  the  same  reasons  that  steps  do, 
namely  there  occurs  an  Interference  between  substrate  and  adsorbate 
layer.  For  self-adsorbed  layers,  irfilch  form  p(lxl)  structures,  this  Is 
obvious,  because  they  are  directly  analogous  to  terraces.  The  same 
reciprocal-lattice  rod  shapes  described  for  step  structures  are  possible 
for  such  systems.  For  systems  In  iditch  the  overlayer  atom  Is  different 


from  the  substrate  atom  a  weak  modulation  of  the  shape  of  fundamental 
reflections  should  also  exist,  but  It  may  no  longer  be  simply  oscillatory 
with  the  inverse  of  the  layer  spacing.  Because  the  scattering  factors  are 
different  for  substrate  and  overlayer  atoms,  there  may  be  a  phase 
difference  upon  scattering  from  the  overlayer  and  substrate.  This  phase 
adds  to  that  due  to  the  path  difference  and  may  shift  the  minima  or 
distort  the  period  of  modulation. 

In  this  section  we  have  suwnari/ed  basic  elements  of  diffraction 
theory,  in  the  kinematic  limit.  We  have  shown  how  surface-sensitive 
diffraction  techniques  can  be  discussed  in  terms  of  the  Ewald  construction 
and  the  relevant  reciprocal  lattice.  A  number  of  reciprocal  lattices  that 
correspond  to  various  types  of  surface  disorder  have  been  presented.  A 
perfect  instrument  has  been  assumed  throughout  this  section.  In  the  next 
section  we  take  the  opposite  approach.  We  assume  that  the  crystal  Is 
perfect  but  that  the  instrument,  like  all  real  instruments,  has  a  finite 
sensitivity  and  a  finite  resolving  power.  We  discuss  the  Influence  of 
these  limitations  on  the  measurement  of  diffracted  Intensities  and  on  the 
accuracy  of  surface  crystallographic  determinations. 

III.  The  Measurement  of  Qlffrac  .-d- Intensity  Distributions 

A  diffraction  experiment  requires  the  creation  of  a  beam  of 
radiation  to  use  as  a  probe,  and  the  detection,  at  specific  diffraction 
geometries,  of  the  radiation  scattered  elastically  by  the  sample.  For 
accurate  structural  analysis,  the  Intensities  must  be  precisely 
measurable,  and  intensities  scattered  Into  different  directions  or  at 
different  energies  most  be  distinguishable.  The  performance  of  a 
diffractometer  In  these  respects  can  be  described  In  terms  of  Its 


sensitivity  and  Its  resol vlng  power.  An  Instrument  cannot  be  optimized  in 
both;  maxima  sensitivity  can  only  be  achieved  at  the  expense  of 
resolution  and  vice  versa. 

A.  Sensitivity 

In  a  diffraction  experiment  one  Is,  In  essence,  counting 
particles  arriving  In  a  particular  direction,  and  therefore  the  best 
obtainable  ratio  of  the  Intensity  of  the  true  signal  to  the  noise  current 
can  be  described  by  the  well-known  relationship  between  signal  and  shot 


„  (»t  t) ,/Z.  (18) 

"shot  noise 

where  1  Is  the  Incident -beam  current,  t  Is  the  time  of  measurement, 
and  o  Is  the  probability  of  measuring  a  diffracted  particle  for  each 
incident  particle.  a  can  therefore  be  Identified  with  the  sensitivity  In 
a  measurement.  It  Includes  both  physical  factors,  such  as  scattering 
powers  and  the  Inelastic-scattering  cross  section,  and  Instrumental 
factors,  such  as  detector  size  and  sensitivity.  It  Is  clear  from  Eg.  (18) 
that  the  simplest  way  to  Increase  the  signal -to-shot -noise  ratio  Is  to 
Increase  the  dose,  l.e.,  to  raise  the  Incident  current  1  or  measure  for  a 
longer  time  t.  in  surface  diffraction  experiments  It  Is  frequently  not 
possible  to  Increase  I  arbitrarily  because  structural  or  chemical  changes 
are  Introduced  as  a  result  of  surface  heating.  It  Is  also  not  possible  to 
measure  for  arbitrarily  long  times,  because  the  surface  becomes 
contaminated.  Surface  contamination  can.  In  fact,  be  considered  the  Vf 
or  flicker  noise  in  the  measurement,  in  addition,  electron  beam  damage  Is 
dose-dependent,  and  many  surfaces  and  overlayers  are  quite  sensitive  to 
electron  beams  In  the  applicable  energy  ranges. 
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In  LEED  and  RHEEO,  low  sensitivity  manifests  Itself  In  the  Inability 
to  measure  the  intensity  of  small  peaks  accurately  and  reproduclbly  or  to 
ootaln  an  Intensity  map  with  sufficient  data  for  reliable  structural 
analysis  in  the  time  available  before  the  surface  structure  begins  to 
change.  The  magnitude  of  the  background  Intensity  Is  also  significant, 
because  the  shot  notse  Is  proportional  to  the  sum  of  the  true  and 
background  Intensities.  A  large  background  can  therefore  significantly 
degrade  the  reliability  of  Intensity  data. 

The  most  effective  approach  to  Improving  the  signal  quality  Is  to 
increase  the  sensitivity  of  the  Instrument.  This  will  be  addressed 
briefly  later. 

B.  Resolving  Power 

Instrumental  factors  also  limit  the  resolving  power  of  the 
instrument,  l.e.,  they  cause  a  loss  In  attainable  accuracy  In  measuring 
the  shapes  of  reciprocal -lattice  rods.  It  is  possible  to  quantify  this 
contribution.^55^  If  T(tf,E)  represents  the  broadening,  or  Instrument 
response,  function, t55)  the  measured  Intensity  Is  given  by  the 
convolution. 

J  (J.E)  •  l(J.E)  •  T(Z.E),  (19) 

or  equivalently 

J(S)  •  MS)  *  T(S).  (20) 

l(-J.E)  a  I(i).  the  true  signal,  results  from  the  Incoherent  siaa  of 
diffraction  patterns  of  Individual  electrons  all  with  the  same  momentum. 

M  ,E)  Is  a  delta -function  If  the  surface  Is  perfect  and  Is  a  function 
with  some  angular  spread  or  "physical  width"  If  the  surface  Is  not 
perfect.  T(  j*.E)  can  be  thought  of  as  a  shape  function,  whose  Integral  Is 
unity,  that  distributes  the  true  Intensity  over  a  range  of  angles 


and  energies  (n  reciprocal  space.  The  major  sources  of  instrumental 
broadening  In  diffractometers  are  the  Incident -beam  divergence  or  "source 
extension",  y  ,  of  the  electro*  gun;  the  energy  uncertainty  In  the 
Incident  beam,  a  E;  the  Incid Mtt-beam  diameter,  0;  and  the  detector 
aperture  width,  d.  As  discussed  by  Park  et  al.,<**)  the  instrument 
response  function,  the  distribution  in  momentum  of  all  the  electrons 
arriving  at  the  detector  If  the  sample  Is  perfectly  periodic,  will  be 

K».t)  •  1(#,E)  i  *  I(».t)E  •  !(>,£)„  •  l(k,E)d.  (21) 

The  total  Instrument  response  measured  for  a  typical  commercial ly 
available  LCID  1nstr<ment  has  a  Gaussian  profile  near  Its  center,  with 
wings  that  are  more  torenttlan.  Response  functions  have  to  our  knowledge 
not  been  measured  accurately  for  RHEEO,  grazing-angle  x-ray  diffraction, 
or  atomic -beam  scattering  systems. 

The  different  uncertainties  that  make  up  T(>,E)  influence  the 
accurate  determination  of  the  reciprocal  lattice  In  different  ways,  some 
causing  Inaccuracies  In  Gj  j ,  others  In  6^,  but  most  In  both.  It  u 
Instructive  to  consider  the  contributions  to  T($.E)  separately  using  the 
reciprocal  lattice  of  a  two-dimensional  perfect  crystal.  Figure  14 
illustrates  some  of  these  contributions.  In  both  real  and  reciprocal 
space.  Consider  first  an  uncertainty  In  the  energy  of  the  Incident 
beam.  In  order  to  Isolate  Just  this  one  uncertainty,  assume  an  Infinitely 
narrow  parallel  beam,  l.e.,  two  coaxial  rays,  with  slightly  different  [kj 
vectors,  falling  onto  an  Infinite,  perfectly  periodic  two-dimensional 
crystal.  The  reciprocal  lattice  and  diffraction  geometry  for  the  (00) 
reflection  are  shown  In  Fig.  )4a.  Because  the  wave  vectors  k  must  all  end 
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on  a  rod.  It  1$  clear  that  an  averaging  In  G|  results,  l.e.,  all  values  of 
Intensity  along  the  rod  between  the  extremal  value  of  the  k_  vectors  are 
sampled.  Ho  broadening  of  the  specular  [(00)]  beam  results  from  an 
energy  uncertainty  In  the  incident  beam  because  the  k_  vectors  are  all 
parallel.  Thus  for  an  Infinite,  perfect,  two-dimensional  crystal ,  If  only 
an  energy  uncertainty  exists  in  the  incident  beam,  the  (00)  diffraction 
peak  will  be  a  delta  function  in  angle  whose  Intensity  is  some  integral  of 
the  intensity  along  the  rod  over  the  range  in  that  is  sampled. 

For  nonspecular  beams,  an  energy  uncertainty  In  the  Incident  beam 
causes  uncertainty  In  |  as  well  as  an  Integration  over  a  range  In  G|,  as 
shown  In  Fig.  14b.  The  vectors  must  still  fall  onto  the  rod,  giving  the 
average  in  G^,  but  in  order  to  do  so,  they  emanate  from  the  crystal  at 
various  angles  of  incidence.  For  an  Infinitely  narrow,  parallel  Incident 
beam,  this  would  produce  a  diffracted  beam  that  has  a  finite  width  at  the 
detector.  As  indicated  below,  such  a  finite  width  represents  an  inability 
to  determine  precisely  the  value  of  G||,  because  it  will  9lve  a  reflection 
broadened  in  angle.  Thus  for  nonspecular  reflections,  an  energy 
uncertainty  gives  a  measured  profile  that  Is  some  sample  over  in  which, 
as  well,  the  value  of  Gj|  Is  imprecise. 

A  similar  situation  obtains  If  there  Is  an  angular  divergence  in  the 
incident  beam.  It  is,  however,  somewhat  more  complicated  to  visualize. 
The  condition  of  minimum  Influence  of  angular  divergence  occurs  if  the 
beam  is  focussed  such  that  the  particular  diffracted  beam  that  is  being 
measured  has  minimum  size  at  the  detector.  Even  the  best  focussing  effort 
will  result  In  a  beam  that  has  a  finite  size  and  finite  divergence  at  the 
detector.  Finite  beam  size  and  finite  divergence  can  be  treated 
separately  by  considering  each  point  in  the  beam  area  to  be  the  focal 


point  (or  rays.  fhen  the  coaplete  bea.  t.n  be  describe*  by  the 
convolution,  as  In  £g.  (21),  of  tlte  divergence  contribution  end  the 
f Inlte-beaa-slte  contribution.  Thus  fur  the  purposes  of  describing  the 
Influence  of  the  beaa  divergence  asswe  that  It  Is  possible  to  focus 
perfectly,  l.e.,  to  able  an  Infinitely  nerrou  bea.  at  the  detector  thet 
does,  bouever,  have  sow  divergence.  the  corresponding  real-  and 
reciprocal -space  dlagraas  for  the  (oo)  rod  are  shoun  in  fig.  lac.  As  for 
an  energy  uncertainty,  an  Integration  over  a  range  In  (^results.  The  k 
vectors  are  also  not  parallel,  bouever.  If  it  Is  assuaed  that  this  beaa 
Is  focussed  at  the  detector,  there  Is  no  broedenlng  In  6| |  due  to  the  beaa 
divergence. 

If  the  focussing  conditions  are  set  to  focus  the  (00)  beaa  on  the 
detector,  none  of  the  other  diffracted  bean  util  be  In  focus.  This  can 
be  seen  froa  staple  genaetry  by  recognltlng  that  the  other  reflections 
coae  Trim  “alrrors"  oriented  differently  ulth  respect  to  the  Incident 
beaa.  Thus  for  any  beaa  other  than  the  one  that  Is  chosen  for  best  focus, 
beaa  divergence  ulll  lead  also  to  an  uncertainty  In  6| | .  as  shoun  In  fig. 
l«d.  If  the  Incident  beaa  Is  focussed  on  the  saaple,  all  diffracted  beeas 
util  be  broadened  tn  angle. 

the  Inportent  quantity  In  considering  the  contribution  of  finite  beaa 
uidth  to  the  resolving  pnuer  Is  the  beaa  uldth  at  the  detector.  After 
reaovtng  the  divergence  the  f  tnlte-beaa-utdth  contribution  can  be 
considered  separately  as  resulting  froa  a  parallel  beaa  that  has  a  site 
given  by  the  site  of  the  beaa  at  the  detector,  tech  ray  In  this  beaa  ulll 
be  Incident  at  the  origin  of  reciprocal  space,  hence  no  averaging 
over  6 |  results  fr«M  finite  beaa  otaaeter.  uncertainty  In  S)|  results 
because  a  finite  beaa  dlaaeter  translates  Into  en  angular  uncertainty. 
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The  angular  width  differs  for  different  beams,  as  shown  in  F »9-  I4e.  It 
will  be  most  severe  for  beams  near  normal  exit.  A  lens  before  the 
detector  may  be  used  to  focus  a  parallel  beam  to  reduce  the  effect  of  beam 
diameter  if  the  beam  is  itself  parallel. 

The  effect  of  finite  detector  aperture  size  is  the  same  as  that  of 
finite  beam  diameter,  it  causes  a  broadening  in  G|  |  because  of  the 

angle  subtended  by  the  detector  at  the  sample.  Unlike  that  of  the  finite 
beam  diameter,  the  angular  width  of  the  finite  detector  aperture  Is  not 
dependent  on  exit  angle  of  the  beam,  as  shtw*n  in  Fig.  14f. 

Several  of  these  contributions  Influence  the  resolving  power 
differently  in  different  directions,  causing  asymmetric -spot -shape 
effects.  To  illustrate  this,  consider  again  the  energy  uncertainty  in  the 
incident  beam.  For  the  (00)  beam.  It  causes  integration  only  in  G^.  For 
nonspecnl ar  reflections  uncertainty  in  6j|  also  results,  but  for  some 
configurations,  e.g.,  when  and  k^  are  coplanar,  broadening  occurs  in 
only  one  direction  in  G||.  This  can  be  readily  visualized  with  the  help 
of  the  reciprocal -lattice  constructions  in  Fig.  14. 

The  above  discussion  has  illustrated  the  various  contributions  to 
T(J,E)  and  their  effect  on  a  measurement.  It  is  evident  that  the 
Instrument  response  differs  at  different  diffraction  conditions.  The 
resolving  power  of  an  instrument  at  any  diffraction  condition  can  be 
quantified  by  defining  a  minimum  angle  of  resolution.  If  one  represents 
the  instrument  function  T(^l)  by  a  Gaussian  with  a  full  width  at  half¬ 
maximum,  by,  and  the  accuracy  to  which  this  width  is  known  and  to  which  a 
measurement  J(J,E)  has  been  made  as  XI,  then  the  smallest  value  of  the 

width  of  a  signal  1(J,E)  that  can  be  resolved  by  the  Instrument  1s^^^ 
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Equation  (22)  represents  the  worst  possible  case  for  the  resolving  power 
of  a  given  instrument,  because  It  is  based  on  extremal  values  of  signal 
allowed  by  the  error  bars.  The  uncertainty  in  the  measurement,  X,  Is 
clearly  related  to  the  system  sensitivity,  and  thus  is  a  function  of  the 
incident  beam  current,  the  detector  efficiency,  and  the  measurement 
time.  Methods  to  Increase  the  resolving  power  by  improving  electron  gun 
characteristics  to  give  a  better  instrument  response  and  by  improving 
detector  efficiency  to  give  greater  sensitivity  are  briefly  addressed  in  a 
later  section. 

It  has  been  mentioned  earlier  that  different  diffraction  techniques 
observe  the  reciprocal  lattice  in  different  ways.  The  limiting  cases  are 
those  appropriate  for  LEED  and  for  RHEEO.  In  the  former,  the  incident 
beam  is  generally  nearly  normal  to  the  surface,  and  the  most  frequently 
observed  diffracted  beams  are  those  that  emanate  nearly  normal  to  the 
surface.  In  the  latter,  the  incident  beam  is  very  near  grazing  incidence 
(fractions  of  one  degree  to  several  degrees),  and  the  diffracted  beams 
likewise  exit  near  grazing  angles.  The  two  techniques  therefore  give 
quite  different  cuts  through  the  reciprocal  lattice,  with  a  consequently 
significant  influence  on  the  resolving  power.  In  IEED,  the  beams 
emanating  near  backward  directions  represent  cuts  nearly  perpendicular  to 
a  reciprocal -lattice  rod.  For  a  cut  that  is  strictly  perpendicular  to  the 
rod,  no  averaging  in  Gt results  except  that  introduced  by  the  instrument 
response,  T(^,E).  Any  other  cut  through  a  rod  always  gives  an  integral 
over  G^  in  addition  to  that  introduced  by  T(J,E).  This  is  an  important 
disadvantage  in  many  experiments,  especially  on  surfaces  with  defects,  as 
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discussed  in  the  next  section,  where  severe!  of  the  ways  of  Measuring 
diffraction  spots  are  more  fully  explored.  Cuts  not  perpendicular  to  a 
rod  also  have  an  Important  positive  consequence,  however,  in  that  they 
increase  the  resolving  power  In  the  plane  of  the  cut.^®^  This  can  easily 
be  seen  by  considering  a  rod  with  finite  width  aGjj  .  A  cut  normal  to  the 
rod  will  give  an  angular  width 
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The  Intensity  function  with  this  width,  is,  of  course,  convoluted  with  the 
instrument  function.  Whether  It  is  resolvable  depends  on  the  minimum 
angle  of  resolution ,  «^ln.  A  cut  at  an  angle  Jwlll  give  an  angular  width 


where  ^is  the  angle  the  exiting  beam  Makes  with  the  surface  nonMl.  Thus 
as  J  Increases,  A^lncreases  until,  at  an  exit  angle  of  1%  the  angular 
width  measured  (In  the  plane  of  k.  and  the  surface  nonMl)  for  a  rod  of  a 
given  width  aG||  Is  about  SO  times  that  near  nonMl  exit.  As  the 
minimum  angle  of  resolution  Is  not  significantly  affected  by  exit  angle 
(because  of  the  doMlnance  of  the  beam-site  contribution  to  the  Instrument 
response  In  typical  systems^*®)),  It  becomes  possible  to  distinguish  much 
smaller  aG||  ,  and  hence  the  resolving  power  Increases,  A  cut  at  45*  at 
LIED  energies  Increases  the  angular  width  of  a  reflection  by  1.4;  a  cut  at 
70*  Increases  It  by  a  factor  of  3.  In  RHEED,  the  length  of  the  k^  vector 


Is  greater,  negating  to  some  degree  the  effect  of  the  small  angle. 
Nevertheless,  for  a  1*  exit  angle  and  a  10  keV  beam,  the  anguler  width 
("streak  length")  of  a  reflection  should  be  about  sevon  times  that 
observed  for  IEED  at  150  eV  and  normal  exit,  and  hence  the  resolving  power 
Is  more  than  seven  times  as  great  In  the  plane  defined  by  £  and  the 
surface  normal.  In  the  plane  perpendicular  to  this  one  the  resolving 
power  Is,  In  fact,  smaller  than  that  of  LEEO  by  the  ratio  of  the  lengths 
of  the  k_  vectors. 

The  resolving  power  of  the  Instrument  Is  meaningful  only  In  terms  of 
the  real-space  distances  that  can  be  resolved.  Some  simple  examples  will 
Illustrate  that  for  a  given  Instrument,  the  resolving  power  depends  on  the 
type  of  defect  that  Is  present  on  the  surface.  We  assume  an  Instrument 
with  a  minimum  angle  of  resolution  -  o-s  ",  typical  for  a  conventional 
LEED  system  at  50  e¥.  He  consider  three  casts :^55^ 

(1)  Mosaic  structure  with  translational ly  random  phases  only 

In  this  model  the  surface  Is  flat,  but  has  domains  of  mosaic 
structure  that  are  separated  by  random  phases  In  a  direction  parallel  to 
the  surface.  An  example  might  be  a  saturatlon-coverage  Incommensurate 
over layer  consisting  of  many  domains  that  have  random  translational  phase 
relationships.  Within  each  domain,  the  structure  Is  assumed  perfectly 
periodic  with  a  lattice  constant  For  simplicity,  all  domains  are 
assumed  to  have  the  same  sice,  N^a.  The  Interference  function  Is  given  by 

fq.  V). 
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where  Nj  is  the  total  number  of  atoms  in  each  domain,  and  N  is  the  number 
of  domains  within  the  diameter  of  the  incident  beam.  for  a  normally 
incident  beam,  the  FWHH,  bj ,  of  the  Intensity  function  is  related  to  the 
domain  size  by 

b j  -  O.BaSU/IH,,)  (,2  -  h2  »2)1/2,  (26) 

where  *  is  the  wavelength  of  the  electron  and  h  is  the  order  of  the 
diffracted  beam  from  «  set  of  surface  rows,  i.e,  (00),  (10),  (20),  etc.. 
for  the  first-order  (h  *  1)  diffraction  maximum  for  diffraction  from  a 
surface  with  a  lattice  constant  |a)  -  3  A  the  maiimum  size  of  flat  mosaic 
domain  that  the  instrument  can  resolve  Is 

(VW0-8l,8“/'£t..(*2  ■  *2>1/?  r  21S‘  <2’> 


exists  between  the  domains.  This  is  the  approximate  situation  for  many 
to^ensurate  overlayers  with  high. symmetry  superlatttce  structures  le.g. 
P(2x2)]  at  their  saturation  coverage,  if  there  are  a  roughly  equal  number 
of  each  type  of  antiphase  domain,  all  of  size  hj*.  the  super  lattice  bragg 
reflections  will  be  split  into  two  peaks  separated  by  an  angle^*) 

bj  •  W«|,  (,2  -  h2l2),/2  (28) 

where  the  angular  separation  bj  reflects  the  periodicity  introduced  by  the 
repetition  of  antiphase  boundaries  at  regular  Intervals  given  by  Nja,  the 
domain  size.  The  minimum  angle  of  resolution  is  then  Interpreted  as  the 
smallest  angular  separation  of  the  two  spots  that  the  instrument  can 
resolve.  For  «^n  »  0.5*.  I  -  50  ev,  a  •  3A,  and  h  *  1,  the  largest 
antiphase  domain  of  this  type  that  the  instrument  can  resolve  is 


If  is  improved  to  0.2*,  either  by  increasing  the  accuracy  of  the 

measurement  or  by  improving  the  Instrument  response,  the  maximum  domain 
size  that  can  be  resolved  Is  (N[ *)*£,(  *  *35  A. 

As  can  be  seen  from  Eq.  (27),  the  maximum  observable  domain  size 
depends  on  the  energy  of  the  Incident  beam,  the  order  of  the  diffracted 
beam  (hence  the  Incident  and  exit  angles),  the  lattice  constant,  and  the 
minimum  angle  of  resolution. 

(2)  Flat  continuous  surface  layer  with  translational  antiphase 
boundaries  and  equal -size  domains. 

If  the  surface  consists  of  a  continuous  phase  containing 
translational  antiphase  boundaries.  Instead  of  a  continuous  phase  with 
random  phase  boundaries  as  In  Model  1,  a  definite  phase  relationship 
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(3)  Flat  continuous  Surface  layer  with  translational  antiphase 
boundaries  and  random-size  domains. 

If  the  domains  in  Model  2  are  not  the  same  size,  but  have  a 
random  distribution  of  sizes,  with  only  translat tonal  antiphase  boundaries 
between  them,  then  instead  of  splitting,  the  superlattice  Bragg 
reflections  will  be  broadened.  The  FMHM  b(  is  related  to  the  average 
domain  size,  <Nja>, 


— >  >  T7?c 


(30) 


34 


«rt>erp 

a  *  (4f  -  f2  -  1)/Zf  and  f  =  l  -  2a/<N.a>. 

Again  for  *  0.5®,  E  «  SO  eV,  a  «  3  A,  and  h  *  1  the  maximum  average 

domain  size  that  the  Instrument  can  resolve  Is  (Nia)^,  «  155  A. 

It  is  evident  from  this  discussion  that  for  a  given  Instrumental 
response  the  resolving  power  differs  for  different  types  of  deferts  that 
limit  the  order  on  a  surface  or  tn  an  overlayer.  |n  addition,  the 
resolving  power  may  be  different  In  different  directions  and  for  different 
techniques.  Similarly  the  sensitivity  may  differ  for  different  techniques 
and  different  instruments.  Some  diffraction  measurements  require  high 
sensitivity,  others  high  resolving  power.  In  the  next  two  sections  we 
discuss  the  major  types  of  diffraction  measurements  and  the  optimization 
of  diffractometers  In  terms  of  sensitivity  and  resolving  power. 


IV.  Surface  Crystallography  Measurements 

In  this  section,  the  major  types  of  surface  crystal lography 
measurements  are  described  and  the  limitation  of  these  measurements 
explored  with  reference  to  the  last  section. 

A.  Diffraction  Patterns 

The  most  common  diffraction  measurement  Is,  of  course,  the 
observation  of  the  diffraction  pattern.  From  It  the  size  and  shape  of  the 
surface  unit  mesh  and  the  existence  of  any  superlattice  can  be  obtained  by 
inspection.  Simply  the  presence  or  absence  of  reflections,  their  position, 
and  their  behavior  with  Incident -beam  energy  can  be  used  In  Investigations 
of  the  overlayer  symmetry,  the  nature  of  the  defects  present,  and  the 
existence  of  possible  phase  transformations  In  an  overlayer.  Fig.  15a 
illustrates  the  corresponding  IEED  geometry  in  real  and  in  reciprocal 
space.  Fig.  16a  Illustrates  the  equivalent  RHEED  geometry.  Generally  the 
sensitivity  of  the  diffractometer  is  of  greater  concern  than  the  resolving 
power  in  overall  visual  observations,  particularly  In  the  search  for 
"weak"  diffraction  features  that  may  indicate  the  presence  of  an  overlayer 
phase. 

B.  Equilibrium  Position  Determinations 

Huch  of  the  activity  In  LEED  has  been  in  the  determination  of  the 
equilibrium  position  of  surface  or  overlayer  atoms.  Other  surface- 
sensitive  diffraction  techniques  have,  on  the  other  hand,  essentially  not 
been  used  In  this  way.  Although  the  required  data  may  be  obtained  In  a 
variety  of  ways,  the  most  co— on  form  is  a  measurement  of  the  Integrated 
intensity- vs -energy  profile  (commonly  called  an  "i  vs  E“  curve  but  more 
properly  Identified  as  a  ^qetectorJhk^ d  u  vs  E  curve).  .  In  this 
measurement,  the  Intensity  in  a  particular  reflection  ,E), 


Integrated  over  the  solid  angle  of  the  detector,  do  «  d^d*.  ,  Is 
determined  as  a  function  of  Inc I  dent -beam  energy,  effectively  scanning  the 
reciprocal  lattice  In  Gj^at  fixed  6j|.  This  Is  Illustrated  for  LEEO  In 
real  and  reciprocal  space  In  Fig.  16b.  The  sensitivity  of  the 
diffractometer  Is  of  primary  Importance  In  this  measurement.  Frequently 
this  is  simply  because  some  peaks  In  the  diffracted  Intensity  (e.g.,  from 
fractional  monolayers)  are  small.  In  other  cases  electron  beam  damage  to 
the  overlayer  or  surface  structure  requires  use  of  as  low  a  total  dose  as 
possible.  Frequently,  however,  the  need  for  sensitivity  Implies  simply  a 
need  for  speed  in  data  acquisition,  because  a  large  data  base  Is  required 
for  accurate  analysis  of  the  equilibria  positions,  and  because  the  LEED 
Intensity  Is  usually  quite  sensitive  to  surface  contamination. 

The  1ntegrated-1ntens1ty-vs-energy  measurement  represents  a 
determination  of  the  Interference  among  the  several  layers  that  are 
Illuminated  by  the  Incident  beam  (see  Fig.  3).  Because  an  integral  is 

usually  taken  over  the  width  of  a  particular  reflection, 

aG||  -  k  cos  if  a^,  finite-size  effects  are  not  resolved  and  generally 
will  not  affect  the  equilibrium-position  determination.  This  need  not  be 
true  in  all  cases,  however. t59)  The  possible  Influence  of  finite-size 
effects  on  "Intenslty-vs-energy"  profiles  can  be  Illustrated  with  Fig.  17, 
which  shows  a  LEED  measurement  at  various  energies  for  a  surface  that 
contains  random  steps.  An  Integrated-Intensity  measurement  Is  obtained  by 
using  a  detector  (Faraday  cup  or  telephotometer /screen)  with  a  fixed 
aperture  size  chosen  to  be  “large  enough  to  collect  the  whole  diffracted 
beam".  This  means  In  practice  that  the  detector  Is  approximately  the  size 

of  the  full  width  at  half-maxlmua  of  the  beam  at  some  energy  and  the 

measurement  Is  ^tector Jhk^’E ^  *  0  vs  **  However,  a  fixed-aperture 


detector,  because  It  subtends  a  constant  solid  angle  at  the  crystal, 
collects  an  Increasingly  large  fraction  of  the  Intensity  In  the  Brillouin 
zone  (Including  thermal  diffuse  scattering  Intensity)  as  the  energy  Is 
increased.  The  effect  Is  In  all  cases  a  more  or  less  monotontcally 
increasing  background  In  "l  vs  E"  curves,  which  causes  a  worse  signal -to- 
nolse  ratio  and  a  consequently  larger  uncertainty  for  high-energy  peaks. 
Additionally,  for  a  surface  containing  randomly  distributed  steps,  the 
intensity  distribution  oscillates  In  width  along  the  reciprocal -lattice 
rods.  (Fig.  g)  and  as  a  result,  as  Fig.  17  Illustrates,  the  fraction  of 
the  Bragg  intensity  that  Is  collected  can  vary  rapidly  even  within  a  few 
eV.  This  phenomenon  can  dtstort  peak  shapes  or  shift  peaks  In  Integrated- 
intenslty-vs. -energy  measurements. 

Although  a  high  resolving  power  is  not  _a  priori  necessary  for 
Integrated-Intensity  measurements,  the  instrument  response  function  must 
at  least  be  well  known  In  order  to  extract  reliable  data.  This  can  be 
Illustrated  as  follows.  Because  LEED  Instruments  in  different 
laboratories  commonly  have  different  beam  parameters  and  detector  widths, 
and  because  Intensity-vs-tnergy  data  are  usually  collected  with  the 
detector  centered  on  the  maximum  Intensity  rather  than  by  scanning  through 
the  reflection,  the  measured  "Integrated"  intensity 
fd«t.clor  Jht  d  “  c*n  d,,,er  >»r  the  sat  I,,  (.>,€)  (t.e., 

for  surfaces  with  Identical  structures  and  degree  of  order).  Thus,  for 
reliable  equilibrium  position  determinations,  a  knowledge  of  T  (»?,E)  Is  a 
necessity  to  allow  an  accurate  evaluation  of  what  the  measured  Intensity 
represent  s.'M' 

Intenslty-vs-energy  measurements  are  much  more  difficult  with  RHEEO 
because  It  Is  not  possible  to  obtain  the  Intensity  Integrated  over  a  Gi  i 
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at  any  point  Gj^on  *  rod.  M*  finite-size  effect  gives  a  broadened  rod. 
Because  the  Ewald  sphere  cuts  rods  at  a  grazing  angle  In  M&tft,  a  streak 
results.  In  principle,  it  is  possible  to  use  a  very  snail  detector  to 
obtain  the  Intensity  along  this  streak  to  get  an  intensity-vs-energy 
profile.  This  measurement,  is  however,  complicated  by  instrument  response 
(leading  to  some  Integration  In  Gj^at  every  point  in  the  measurement)  and 
by  the  distribution  of  intensity  in  Gj j  on  the  cut  across  the  rod  that  is 
made  by  the  Ewald  sphere.  Hence  such  measurements  may  not  reflect  very 
reliably  the  integrated  intensity  as  a  function  of  (it. 

It  is  customary  In  LEED  to  calculate  directly  the  intensity 
distribution  expected  from  a  given  model  structure  and  to  compare  this 
with  the  measured  intensity.  A  number  of  calculations  for  different 
structures  are  required  to  search  for  the  most  probable  structure.  ]n  x- 
ray  diffraction,  where  the  interaction  of  the  radiation  with  the  material 
is  weak,  a  single-scattering  or  kinematic  calculation  of  the  diffracted 
intensity  is  usually  sufficient  for  structural  analysis.  Because  of  the 
strong  Interaction  of  electrons  with  the  material,  there  are  usually 
strong  multiple-scattering  events  in  LEED  and  RHEEO.  The  energy  positions 
of  Intensity  maxima  in  a  diffracted  beam  depend  on  the  relative  phases  of 
the  electron  waves  diffracted  from  the  atoms  in  the  surface,  and  thus 
depend  both  on  the  positions  of  the  atoms  and  the  phase  shifts  upon 
scattering  from  the  atoms.  The  Intensities  are  Influenced  by  a  number  of 
effects,  including  thermal  vibrations,  structural  order,  energy  loss 
mechanisms,  and  experimental  factors.  Dynamic  LEED  theories,  which 
include  the  multiple  scattering,  have  been  developed  and  used  for  most 
surTace  structure  determinations.^"*^  Because  of  the  sensitivity  of 
the  energy  positions  of  peaks  In  "l  vs  E"  curves  to  geometric  positions  of 


atoms,  the  structural  analysis  emphasizes  a  fit  between  peak  positions  In 
calculations  and  experiments.  For  simple  structural  problems  (relaxation 
of  the  outer  layer  of  a  clean  metal,  overlayers  with  Mil  unit  mesh) 
visual  comparison  has  been  used  successfully  for  structure  determination, 
because  the  eye  acts  as  an  excellent  discriminator  and/or  noise  filter. 
For  comparisons  of  large  amounts  of  data,  as  Is  required  with  larger  unit 
meshes,  this  becomes  cumbersome.  As  a  result,  automated  criteria,  called 
reliability  or  R-factors,  have  been  developed. R-factors  are  single 
numbers  simmarizing  the  level  of  agreement  between  sets  of  curves,  a  small 
R-factor  Indicating  better  agreement.  In  order  to  be  useful  in 
discriminating  one  structural  model  from  another,  R-factors  should  be 
sensitive  to  surface  atom  equilibrium  positions  but  Insensitive  to 
nonstructural  parameters  such  as  the  scattering  potential  or  even  to  other 
structural  parameters  such  as  surface  defects  or  thermal  disorder. 
Unfortunately,  because  an  R-factor  can  be  sensitive  to  any  of  a  number  of 
features  In  a  "l  vs  E"  curve,  e.g.,  peak  positions,  slopes,  relative  peak 
heights,  small  peaks,  large  peaks,  etc.,  it  is  difficult  to  design  one 
that  objectively  measures  the  best  fit  between  theory  and  experiment. 
Attempts  to  develop  a  globally  sensitive  R-factor  have  so  far 

No  single  R-factor  presently  In  use  is  totally  satisfactory 
for  reliable  structure  analysis.  The  best  structure  analysis  results  from 
an  average  of  all  R-factors.  The  spread  In  R-factor  values  for  any 
structure  may  be  significant  for  structure  determination:  the  smaller 
this  spread,  the  more  likely  the  structure  is  correct,  independent  of  the 
absolute  values  of  the  R-factors. 

The  existence  of  xultiple  scattering  in  principle  makes  electron 
diffraction  very  sensitive  to  small  structural  differences. 


C.  Structural  Defects 


Unfortunately,  the  resulting  theoretical  problem  also  becomes  quickly 
unmanageable  in  terms  of  the  computing  tiae  needed  to  perfora  a  range  of 
structural  searches.  One  approach  that  alleviates  this  difficulty  is  to 
Malt  the  required  range  of  search  by  extracting  the  single-scattering 
intensity  in  “1  vs  E"  curves  and  using  it  to  provide  likely  bounds  to  soae 
of  the  structural  paraaeters.  Because  it  depends  only  on  the  aoaentua 
transfer  vector  and  not  on  and  k^,  the  single-scattering  intensity  can 
be  deterained  by  making  a  number  of  aeasureaents  at  constant  aoaentua 
transfer,  S.,  and  averaging  thea.^61,62^  The  single-scattering  intensity 
can  then  be  interpreted  tilth  simple  aodl f ications  of  methods  that  mere 
developed  for  x-ray  diffraction  to  provide  approximate  values  of  surface 
or  overlayer  atoa  structural  paraaeters.  Two  mays  of  making  "1  vs  E“ 
aeasureaents  that  keep  £  fixed  but  change  k^  and  k^  so  that  the  aulttple 
scattering  changes  are  shown  in  fig.  18. 


A  major  and  Increasingly  popular  application  of  surf ace -sensitive 
diffraction  techniques  is  In  the  determination  of  surface  defects.  The 
required  measurement  is  the  angular  distribution  of  intensity  In 
Individual  diffracted  beamsjjM  (J.E)  da  vs£  When  this  measurement  is 
made  at  various  diffraction  conditions  (e.g.,  energy,  angle  of 
incidence,  various  diffracted  beams),  different  surface  defects  can  be 
Identified  because  of  their  differing,  but  characteristic,  influence  on 
the  beam  profile.  The  precision  of  such  measurements  depends  on  the 
resolving  power  of  the  diffractometer,  as  already  indicated.  This 
Implies  a  need  for  highly  accurate  measurements  and  good  electron  beam 
characteristics,  including  low  divergence  and  energy  spread  and  a  small 
beam  size,  as  well  as  a  small  detector  aperture.  Although  much  work  has 
recently  been  done  on  Increasing  both  sensitivity  and  resolution, 
especially  In  LEED  diffractometers,  very  high  resolution  can  be  obtained 
only  at  the  expense  of  sensitivity.  Thus  most  high-resolution  surface 
defect  studies  are  so  far  made  on  static  defect  distributions  on 
surfaces  stable  against  beam  damage  or  rapid  contamination,  where 
sufficient  time  Is  available  to  signal  average  the  intensities. 

Angular -prof lie  measurements  can  be  made  in  a  number  of  different 
ways.  These  are  shown  schematically  in  real  and  reciprocal  space  in 
Figs.  IS  c,  d,  and  e,  and  in  Fig.  16b.  In  the  most  commonly  used  LEED 
method,  shown  in  Fig.  ISt,  the  detector  Is  scanned  through  a  diffracted 
beam.  In  the  second  method  (Fig.  lSd)  the  detector  fixed  and  the  crystal 
is  rocked  so  that  the  desired  reflection  moves  across  the  detector. 
There  are  two  advantages  of  this  method.  The  cut  across  a  rod  is 
flatter  than  If  the  detector  is  moved,  because  it  has  a  radius  of 


4  2 


rather  than  |k|  and,  because  the  triangle  Jk,  ^  stays  fixed,  the 
scattering  angle  ?e  Is  constant.  As  a  result,  there  ere  no  variations 
In  the  scattering  factor  f(o,E)  across  a  profile  with  this  ■etkodj8^ 
Asymmetries  In  angular  profiles  caused  by  a  changing  f(e,E)  can  be 
significant  over  the  width  of  a  Brillouln  cone,  especially  at  low 
energies  where  f(e,E)  can  vary  rapidly  with  angle  and  where  the  width  of 
a  /one  represents  a  large  angular  change  {l.e.,  the  dlffracted-beaia 
separation  Is  large  at  low  energies).  the  disadvantage  is  that  a 
mechanical  motion,  l.e,,  tilting  the  sample.  Is  required.  This 
generally  cannot  be  done  as  accurately  as  scanning  the  detector, 
especially  If  electronic  detection  is  used.  In  addition,  the  angle  of 
incidence  changes,  introducing  possible  multiple-scattering  effects 
involving  other  diffracted  beams.  The  third  method  for  angular  profile 
measurement,  (Fig.  15e),  advanced  originally  for  LEEO  Intenslty-vs- 
energy  profile  measurements^6’18^ ,  consists  of  scanning  the  energy  of 
the  Incident  beam  sufficiently  so  that  the  diffracted  beam  moves  across 
a  fixed  detector.  The  cut  across  the  rod  is  elongated  for  diffracted 
beams  near  normal  Incidence,  which,  as  has  been  discussed,  can  be  both 
an  advantage  and  a  disadvantage.  The  advantage  Is  high  resolving  power 
In  the  plane  containing  the  surface  normal  and  the  diffracted  beam.  The 
disadvantage  Is  the  large  range  of  G|^  that  Is  Included,  causing  an 
uncertain  Interpretation  of  the  beam  shape  If  the  rod  Itself  has 
structure.  A  second  disadvantage  Is  the  possible  Introduction  of 
multiple-scattering  effects  that  are  dependent  on  energy.  An  advantage 
is  that  no  mechanical  motion  is  required. 

There  are  a  number  of  Inherent  difficulties  In  making  ICED  angular- 
profile  measurements  with  high  precision.  The  most  Important  of  these 


Is  suppression  of  Inelastlcally  scattered  electrons.  Including  the 
"quaslelastlc*  thermal  diffuse  scattering.  The  angular  distribution  of 
these  electrons  will  In  general  differ  from  that  of  the  elastically 
scattered  ones,  and  will  therefore  distort  a  measurement  of  the  latter, 
especially  In  the  wings  of  the  angular  profile,  which  are  the  most 
sensitive  to  the  defect  density  and  defect  distribution.  It  Is  not  a 
simple  task  to  remove  Inelasttcal ly  scattered  e’ectron*  vdrtle  at  the 
same  time  not  disturbing  the  angular  distribution  of  the  elastically 
scattered  ones.  The  usual  method  of  suppression  of  Inelastlcally 
scattered  electrons  Is  with  a  high-pass  filter  consisting  of  a 
retardlng-potentlal  grid  In  front  of  the  detector.  It  has  been  shown  ^ 
that.  In  order  not  to  disturb  measurably  the  angular  distribution  of  the 
diffracted  electrons  passing  through  a  typical  LEED  grid  structure,  the 
retarding  bias  on  the  grid  can  be  no  more  than  about  80-904  of  the 
energy  of  the  diffracted  beam.  This  Implies  that  all  those 
inelastlcally  scattered  electrons  that  have  energies  within  10-204  of 
the  elastically  scattered  electrons  will  contribute  to  the  measured 
profile.  In  order  to  remove  this  contribution,  it  Is  necessary  to  know 
the  angular  distribution  of  those  Inelastlcally  scattered  electrons  that 
pass  through  the  grids.  It  Is  usually  assmaed  to  be  a  constant,  In 
which  case  a  constant  background  can  be  subtracted  from  the  angular 
profile.  Alternate  methods  for  measuring  the  elastically  scattered 
electrons  while  suppressing  the  inelastically  scattered  electrons 
involve  the  use  of  magnetic  fields  or  special  geometries  of  a  Faraday 
cup.!*®)  The  most  accurate  measurement  of  the  elastically  scattered 
electron  current  accurate  can  be  made  with  an  electron  energy  analyzer 
In  front  of  a  Faraday  cup  collector.  Detectors  will  be  discussed  In  a 
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liter  section. 

Although  •  major  fraction  of  the  IneUstlcally  scattered  electrons 
can  always  be  removed  without  noticeably  affecting  the  angular  profile, 
the  regaining  Inelastic-scattering  Intensity  can  cause  significant  noise 
In  the  wings  of  the  profile.  Statistical  noise  goes  up  as  the  square 
root  of  the  signal  plus  background;  thus  even  after  background 
subtraction,  the  elastically  scattered  intensity  may  have  large 
uncertainties. 

An  even  more  serious  problem  Is  the  thenaal  diffuse  or  phonon 
scattering. Because  the  energy  losses  (or  gains)  associated  with 
phonons  are  only  at  the  order  of  tens  of  meV,  they  are  too  small  to  be 
resolved  with  the  energy  resolution  typically  achievable  at  the  energies 
of  LEEO  or  RHEED  experiments.^6)  Thus  phonon  scattering  Is  present  to 
some  degree  In  all  angular  profiles  of  diffracted  Intensity.  The 
magnitude  of  the  phonon  contribution  to  the  total  Intensity  can  be 
roughly  estimated  from  a  knowledge  of  the  Debye  temperature  of  the 
surface  under  Investigation  or  from  a  measurement  of  the  Debye-Waller 
factor  of  this  surface.  The  Debye-Waller  factor,  obtained  by  measuring 
the  decay  of  the  Bragg  peak  Intensity  with  Increasing  temperature  at  any 
energy, 

J(S.  t2>  “  J<A.  V  e*P  (-M)  (3D 

gives  the  value  of 

2*  m  <S  .  u>2  •  «■  (s1n2e)  H2T/x2  m  k0  c^2,  (32) 


where  <u^>  Is  the  mean  square  vibrational  amplitude  of  surface  and  near- 
surface  atoms,  8  the  scattering  angle,  x  the  wavelength  of  the 
radiation,  T  the  temperature,  m  the  mass  of  the  surface  atoms,  k0 
Boltzmann's  constant,  and  Op  the  effective  surface  Debye  temperature 
of  the  material.  Most  materials  have  a  value  of  2M  of  the  order  of  2  or 
3  at  room  temperature  and  100  eV  Incident-beam  energy.  Figure  19  shows 
a  plot  of  the  dependence  of  the  thermal -diffuse-scattering  intensity 
Integrated  over  a  Brlllouln  zone  on  2N.  The  phonon  scattering  can  be 
considered  to  consist  of  one-phonon  and  multiphonon  contributions.  The 
multiphonon  scattering  Is  uniformly  distributed^4  »66)  over  the 
Brlllouln  zone,  while  the  one-phonon  scattering  Is  peaked  near  the 
diffraction  maximum  and  falls  off  roughly  as  l/sjj,  where  ^jj  is  the 
deviation  parameter  (see  Eq.  (6))  parallel  to  the  crystal  surface^64) 
The  multiphonon  scattering  can  thus  be  removed  by  subtracting  a  constant 
background.  The  one-phonon  scattering  must  be  modeled(6?)  on  the  basis 
of  the  value  of  2M  and  the  resulting  Integrated  Intensities  from  Fig. 
19. 

The  simplest  and  most  reassuring  experiment  that  serves  at  least 
approximately  to  estimate  the  phonon  scattering  is  to  compare 
measurements  of  angular  profiles  of  a  high-quality  surface  taken  at  low 
and  at  high  temperatures.  If  no  differences  are  observed  in  the  two 
profiles,  the  phonon  scattering  Is  not  a  significant  factor  in  the 
angular  distribution,  to  the  accuracy  that  It  Is  measured.  The  phonon 
scattering  can  be  reduced  by  proper  choice  of  the  diffraction  parameters 
(l.e.  measurements  at  low  momentum  transfer).  With  the  assumption  that 
the  phonon  scattering  does  not  depend  significantly  on  surface  or 
overlayer  order  or  defect  density,  the  profile  measured  on  the  high- 
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quality  surface  will  serve  as  an  instrument  response  function  that  also 
accounts  for  the  thermal  diffuse  scattering  contribution  to  the  angular 
profile  taken  on  the  surface  containing  defects. 

Angular  profile  measurements  In  RHEEO  are  Hlustrated  In  Fig. 
16b.  These  could  be  made  with  a  moveable  detector  or  by  scanning  the 
patterns  with  a  vldicon.  Experimental  considerations  (discussed  below) 
make  It  practical  to  deflect  the  beam  across  a  fixed  detector, 
however  J60)  Intensity  contour  measurements  along  a  streak!57-60) 
indicate  that  visual  observation  Is  not  adequate  to  determine  streak 
length.  The  FWHH  of  the  streak  along  Its  long  direction  Is  much  l. 
than  the  length  observed  visually.  Nevertheless,  a  streak  of 
considerable  length  is  measured  In  many  Cl rcumstances.  We  have  already 
considered  two  possible  contributions  to  the  RHEEO  streak  length,  the 
finite  Instrument  response  and  the  cut  of  the  Ewald  sphere  across  the 
rod,  but  have  discounted  them  as  the  principal  causes  of  streak  length 
for  typical  instriwents  and  high-quality  surfaces.  Inelastic  scattering 
will  also  contribute  to  streak  length.  RHEEO  measurements  are  usually 
made  without  any  retarding  bias;  because  no  potential  is  applied  to  the 
fluorescent  screen  and,  because  It  takes  of  the  order  of  1000  elf  or  more 
to  excite  the  phosphor,  the  screen  Itself  acts  as  a  high-pass  filter. 
Thus  true  secondaries  do  not  contrlbu;  to  the  RHEEO  intensity. 
However,  Klkuchl  lines  can  cause  significant  intensity  variations  along 
or  across  a  RHEEO  streak.!69)  More  Importantly,  it  has  been  suggested 
that  the  length  of  RHEEO  streaks  is  doe  to  the  phonon  scattering. ! 70) . 
In  this  hypothesis,  the  extra  moment**  needed  to  get  to  a  reciprocal  - 
lattice  rod  when  the  $  vector  no  longer  contacts  the  rods  Is  provided  by 
a  phonon.  This  clearly  should  contribute  to  the  length  of  the  streak. 


Heasurements  of  the  streak  length  at  various  temperatures  Indicate, 
however,  that  this  effect  Is  not  significant.!60)  The  possibly  most 
significant  contributions  to  streak  length  come  from  defects  such  as 
steps  or  long-range  curvature  of  the  crystal  surface. t60-7!'7*)  steps 
can  cause  considerable  broadening  of  rods  (see  Fig.  9).  A  cut  with  the 
Ewald  sphere  at  the  appropriate  conditions  will  lead  to  long  streaks, 
while  at  slightly  different  angles  of  incidence  a  short  streak  or  spot 
will  be  observed.!60)  Long-range  curvature  may  also  be  important .! 7*- 
Because  the  beam  has  a  projected  area  on  the  sample  that  is  quite  large 
at  grating  angles,  areas  with  many  slightly  differing  surface 
orientations  (due  to  crystal  mosaic)  may  participate  In  the 
diffraction.  This  will  provide  (Fig.  6b)  a  rod  that  gets  increasingly 
broad  with  Increasing  6^,  allowing  a  long  streak  as  the  Ewald  sphere 
passes  through  the  rod.  It  was  noted  same  years  ego!*1,72)  that  ‘good" 
surfaces  gave  short  streaks  or  spots,  a  result  that  is  being 
increasingly  verified.!60)  The  various  factors  discussed  above  make  It 
generally  more  difficult  than  in  LEED  to  Interpret  a  RHEEO  angular 
profile  quantitatively  and  thus  to  exploit  the  greater  resolving  power 
that  Is  available  In  RHEEO. 

0.  Thermodynamics  and  Kinetics 

As  already  Indicated  the  easiest  Information  obtat-i«b-<  -iiough 
LEED  or  RHEEO,  simply  by  observing  the  diffraction  pattern,  is  the  si/e 
and  shape  of  the  surface  or  overlayer  unit  mesh.  Because  many 
overlayers  (as  well  as  some  clean  surfaces)  form  superlattices, 
investigation  of  the  change  in  Intensity  and  the  appearance  or 
disappearance  of  superlattice  reflections  in  LEED  or  RHEEO  patterns  as  a 
function  of  coverage,  temperature,  or  time  gives  an  easy  way  to  study 


N 


48 


49 


the  thermodynamics  of  ordered  phases  and  the  kinetics  of  ordering  or 
disordering.  The  most  important  measurement  for  these  studies  is  simply 
the  dependence  of  the  dl ffracted-beam  intensity  on  temperature.  With 
the  additional  information  on  defects  derived  from  the  angular-profile 
measurements  discussed  in  the  last  section,  a  complete  study  of 
overlayer  phase  transformations  and  ordering  kinetics  can  be  made,  and 
the  results  of  such  studies  can  in  principle  be  Interpreted  In  terms  of 
adatom-adatom  interactions.^1^ 

Figure  20  shows  a  generic  overlayer  phase  diagram  that  Illustrates 
the  main  features  to  be  expected  for  overlayers  that  can  be  treated 
within  a  lattice-gas  model,  l.e.,  a  model  in  which  the  ordered  state 
consists  of  overlayer  atoms  adsorbed  commensurate! y  into  regular 
substrate  lattice  sites  and  the  disordered  state  consists  of  the  random 
placement  of  the  adsorbed  atoms  into  these  sites.  Incommensurate  layers 
and  commensurate- Incommensurate  transitions  require  more  complex 
treatment.  As  can  be  seen,  the  generic  phase  diagram  for  a  commensurate 
overlayer  Is  the  same  as  for  a  simple  binary  alloy  that  undergoes  phase 
separation,  the  atoms  in  the  over  layer  forming  one  component  and  the 
vacancies  the  other.  Thus  coverage  is  analogous  to  composition.  The 
major  features  are  two-phase  regions,  consisting  of  coexisting  ordered 
and  'disordered"  phases  (the  "disordered'  phase  being  an  ordered  phase 
of  vacancies),  and  one-phase  regions,  either  ordered  or  "disordered". 
One-phase  regions  can  have  a  width  because  a  phase  rich  in  one  component 
can  support  a  certain  concentration  of  the  other  component  before  phase 
separation  takes  place.  for  overlayers,  this  means  that  at  a  qiven 
temperature  the  ordered  overlayer  can  support  a  certain  concentration  of 
vacancies  and  the  emoty  lattice  (an  ordered  phase  of  vacancies)  can 


support  a  certain  concentration  of  overlayer  atoms.  Transitions  from  a 
two-phase  region  to  a  one-phase  region  or  vice  versa  are,  by  necessity, 
first-order,  while  transitions  between  one-phase  regions  may  be  first  or 
second-order.  It  Is  necessary  to  distinguish  between  actual  order- 
disorder  transitions,  such  as  point  a,  where  one  phase  goes  continuously 
or  discontinuously  Into  another,  and  disappearing  -  phase 
transformations,  such  as  point  c,  where,  as  the  temperature  4$ 
Increased,  an  ever  smaller  amount  of  a  given  phase  exists,  but  where  the 
order  tn  that  phase  does  not  signif leant ly  change  with  temperature 
because  the  phase  boundary  Is  nearly  vertical.  Intermediate  between 
these  cases  is  point  b,  where  both  the  amount  of  phase  and  the  order  in 
the  phase  change,  with  most  of  the  change  in  order  coming  when  only  a 
little  of  the  phase  is  left. 

The  most  important  measurement  In  phase  transition  experiments  is 
the  dependence  of  the  Bragg  intensity  (the  area  under  an  angular 
profile)  of  a  particular  reflection  on  temperature, 
l.e.,  Jbeaa  Jhk  (^»*)  flu  **  T.  at  various  coverages.  Three  possible 
Bragg-intensity-vs-tamperature  plots  for  three  different  regions  in  the 
phase  diagram  are  shown  schematically  in  Fig.  20.  It  should  be  noted 
that  the  intensity  can  decay  quite  differently  with  temperature  for 
different  regions  of  the  phase  diagram.  Angular-distribution 
measurements  are  useful  tn  interpreting  the  temperature  behavior  and  in 
identifying  transition  temperatures  or  equilibrium  distributions  of 
ordered  phase.  In  order -disorder  transitions,  such  as  point  a,  no 
broadening  of  reflections  should  be  observed  until  the  transition 
temperature  Is  reached.  For  disappearing-  phase  measurements,  the 
reflections  broaden  continuously,  but  the  broadening  cannot  be  observed 
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until  the  physical  width  of  the  line  exceeds  the  resolvin'  power  of  the 
Instrument.  Usually  this  occurs  at  temperatures  considerably  lowe'  than 
the  temperature  at  which  the  phase  first  precipitates  (or,  conversely, 
disappears)  for  a  given  coverage.  Instrument  response  affects  the 
measured  dependence  of  the  Bragg  Intensity  on  temperature  because  the 
angular  profile  changes  as  the  order  changes.  The  measured  Intensity  at 
any  diffraction  geometry  Is  the  convolution  of  the  true  Intensity, 
l(  *J,E),  and  the  Instrument  response  function,  T(«^l),  (see  Eq.  19). 
Accurate  determlnat Ion  of  Intensity-decay  profiles  requires  the 
deconvolution  of  the  instrument  response  function  from  the 
measurement.^4^  Measurements  of  “peak"  Intensities  are  meaningless 
unless  it  can  be  demonstrated  that  the  angular  profile  Is  narrow 
compared  to  the  Instrument  response  function  at  all  measurement 
temperatures.  This  can  be  true  only  for  points  on  the  phase  diagram 
such  as  point  a,  where  long-range  order  Is  preserved  up  to  the 
transition  temperature,  where  It  vanishes. 

Phase  transition  studies  have  genera!  applicability  to 
identification  of  the  nature  of  the  phase.  Including  Its  geometric 
structure;  the  energetics  that  lead  to  the  formation  of  a  given  phase, 
Including  adatom  interactions  and  Impurity  stabl I izat Ion;  and  the  effect 
of  defects  or  kinetic  limitations  on  the  formation  or  degree  of  order  In 
a  phase.  Measurements  of  phase  transitions  between  one-phase  and  two- 
phase  regions  are  especially  Interesting  from  the  point  of  view  of 
adatom  interactions,  nucleatlon  phenomena,  and  kinetics  of  ordering. 


In  the  next  section,  the  most  Important  features  of  the 
Instrumentation  required  to  perform  diffraction  experiments  are 
described,  emphasizing  the  aspects  of  instrumental  design  that  optimize 
a  system  for  particular  measurements. 

V.  Instruct  at  Ion  and  Sample  Preparation 

The  major  components  of  a  diffractometer  are  a  source,  a  sample 
goniometer,  and  a  detector.  In  addition,  for  surface  studies  sample 
heating  or  cooling,  a  gas  handling  system  or  evaporation  source,  a  mass 
spectrometer,  and  a  separate  gun  for  Auger  electron  spectroscopy  are 
typically  available.  Schematic  overall  views  of  a  lEED  and  a  RHEED 
diffractometer  are  shown  In  Figs.  21  and  22  The  focus  of  the 
discussion  here  will  be  on  the  gun,  goniometer,  and  detector. A 
brief  discussion  of  sample  preparation  Is  also  Included. 

A.  Electron  Guns 

Electron  guns  used  In  diffractometers  typically  use  electrostatic 
focussing  and  have  a  simple  design,  consisting  of  a  thermionic  cathode, 
an  extraction  electrode,  an  array  of  focussing  electrodes,  and 
electrostatic  deflection  plates  for  guiding  the  beam.  Filaments  are 
usually  made  of  H  or  thorlated  M,  and  may  be  hairpin  wires  or  ribbons. 
Indirectly  heated  filaments  (oxide,  La8g,  etc.)  are  also  used.  In  order 
to  avoid  background  light  and  contamination  of  the  sample  due  to 
evaporation  from  the  filament,  sow*  electron  guns  have  off-axis 
filaments.  The  thermionic  cathode  Is  situated  In  a  Mehnelt  cylinder,  a 
can  that  completely  surrounds  the  cathode  except  for  the  beam  extraction 
aperture.  The  potential  on  the  Mehnelt  cylinder  can  be  adjusted 
positive  or  negative  with  respect  to  the  cathode,  and  Is  typically  at 
nearly  the  same  potential.  Extraction  of  the  beao  Is  achieved  with  the 
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first  electrode  of  a  unipotential  lens  that  then  focusses  the  Initially 
divergent  bean.  This  lens  forms  an  Image  of  the  true  electron  source, 
which  nay  be  part  of  the  hairpin  or  the  aperture  of  the  Hehnelt 
cylinder,  depending  on  the  filament  type,  the  filament  current,  and  the 
potentials  on  the  Hehnelt  cylinder  and  the  extraction  electrode. 
Mehnelt  cylinder  and  first-lens  element  apertures  In  low-energy  guns  are 
typically  about  l  m  dU.  or  larger.  The  beam  diameter  can  be  decreased 
by  reducing  these  aperture  sires.  Small  apertures  give  much  reduced 
beam  currents  (e.g.,  InA  at  100  eV  for  a  0.4  m  dta.  first-lens 
aperture).  For  the  0.1  pA  beam  currents  required  with  commonly  used 
detector  schemes  (grids  and  phosphor  screen,  or  a  simple  Faraday  cup),  a 
mini  mum  beam  sire  of  200  i*  and  a  minimi*  divergence  of  0.2*  appear  to 
be  achleveabte  at  LEE0  energies  with  most  co^on  guns.  Changing  the 
bias  on  the  Hehnelt  cylinder  with  respect  to  the  cathode  drastically 
affects  the  beam  current  and  Its  stability  with  energy,  but  does  not 
affect  the  smallest  achievable  beam  diameter  at  the  focus  conditions  for 
typical  current  densities  (less  than  0.2  m  A/cm2).  At  RHEEO  energies, 
spot  sizes  can  be  made  much  smaller. 

Low-energy  electron  guns  have  not  been  optimized  with  respect  to 
the  parameters  that  give  a  high  resolving  power.  Historically  beam 
currents  of  0.1  uA  in  a  spot  of  about  1/4  to  1  mm  diameter  with  a  beam 
divergence  of  0.25*  to  1"  have  been  considered  adequate  for  LEE0. 
Wul fert  and  Henrler^76^  have  constructed  a  magnetically  focussed  gun  to 
Improve  this  situation.  They  use  the  concept  of  focussing  with  a  long 
solenoid  to  produce  small -diameter  low-energy  beams,  with  beam  sires  of 
the  order  of  40  id/7**  in  the  imaging  plane.  The  Mgnetlc  field  is 
along  the  beam  direction.  The  magnetic  field  acts  as  a  1:1  lens  that 


images  the  crossover  of  the  beam  emerging  from  the  Hehnelt  cylinder  of 
the  9un  onto  the  detector  after  reflection  by  the  crystal.  The 
corresponding  minimum  angle  of  resolution  for  normal  incidence  appears 
to  be  of  the  order  of  *  0.0b* .  compared  to  values  of  the  order 

of  ^m\n  "  O.b*  obtainable  in  systems  equipped  with  standard  guns. 
Because  of  the  small  beam  currents  achteveable  with  this  gun,  a  detector 
with  gain  is  used,  which  In  this  system^7*)  is  a  Faraday  cup  with  a 
channeltron  electron  multiplier. 

A  recent  development  in  low-energy  electron  guns  is  the  use  of 
field  emission  sources.  The  major  advantages  of  a  field  emitter  are  Its 
high  luminosity  and  the  fact  that  it  is  nearly  •  point  source.  The 
latter  in  principle  makes  a  parallel  beam  a  possibility.  This  can 
easily  be  visualized  by  consid  -ing  a  point  source  situated  at  the  focus 
of  a  convergent  lens.  The  high  luminosity  makes  small  beam  sizes 
practical.  Although  field  emitters  have  been  used  in  high-energy -beam 
applications  for  some  years,  it  has  been  difficult  to  make  a  low-energy 
beam  without  serious  energy  spread  and  angular  divergence,  because  a 
high  extraction  potential  <s  required  with  typical  anode 
configurations.  Because  lenses  are  imperfect,  the  subsequent 

deceleration  to  low  energies  causes  energy  and  angular  spreading.  A 
recent  development^2^  In  anode  configuration  allows  field  emission  at 
potentials  as  low  as  150V,  and  perhaps  lower.  Currents  as  large  as  InA 
at  ISO  eV  with  beam  sizes  of  less  than  Si*  have  been  achieved. ^ 

Electron  guns  for  RHEEO  applications  operate  at  voltages  any^ere 
from  S  kv  to  100  kV.  Mo  particular  effort  has  been  made  to  optimize 
guns  in  this  energy  range  for  high  resolving  power,  but  even  standard 
guns  are  likely  to  be  better  than  low-energy  guns  because  It  is 


generally  easier  to  produce  a  finely  focussed  beam  with  small  energy  and 
angular  spreads  at  higher  energies.  Various  types  of  guns  are  In  use; 
examples  Include  guns  from  electron  microscopes,  guns  In  cylindrical 
mirror  analyzers  used  for  scanning  Auger  microscopy,  and  high-energy  CRT 
guns. 

B.  Detectors 

Signal  detection  In  diffractometers  requires  the  measurement  of  an 
energy  and  angle-resolved  current,  for  LEED,  a  detector  must  be  capable 
of  1)  the  measurement  of  a  current  of  electrons  at  energies  10  e¥  <  Ep  < 
1000  eV,  where  Ep  Is  the  Incident-beam  energy;  2)  energy  resolution, 
t.e.,  the  separation  of  those  electrons  at  or  very  near  Ep  from  the 
tnelastlcally  scattered  electrons;  and  3)  angular  resolution,  l.e.,  the 
ability  to  separate  the  current  In  one  diffracted  beam  from  all  the 

others,  and  to  measure  the  angular  distribution  of  current  In  one  beam, 
for  RHEED  the  energy  range  at  which  the  detector  operates  Is  higher,  but 
In  principle.  Its  capabilities  must  be  the  same  as  for  LEED  detectors, 
two  types  of  detectors  are  In  common  use.  a  Faraday  cup  that  Is 

mechanically  driven  and  a  fluorescent  screen  with  or  without  a  set  of 
hemispherical  grids.  The  most  common  LEED  detector  Is  the  fluorescent 
screen  with  a  set  of  nested  grids.  The  Inner  grid  Is  operated  at  the 
same  potential  as  the  sample,  to  provide  a  field-free  region  around  the 
Mpte.  The  next  grid  (or  two  grids)  Is  set  at  a  negative  bias  to 

filter  tnelastlcally  scattered  electrons.  The  outermost  grid  Is  again 
operated  at  ground  potential  but  is  not  needed  for  DC  LEED  operation. 
(If  no  Intensities  are  to  be  measured,  actually  only  two  grids  are 

required).  The  fluorescent  screen  Is  operated  at  several  kV  positive 
potential  to  give  the  electrons  sufficient  energy  to  excite  the 


phosphor.  The  major  advantage  of  this  detector  Is  that  It  provides  a 
visual  display  of  essentially  all  the  bacfc-dlf fr acted  beams,  making  a 
rapid  determination  of  the  site  and  shape  of  the  surface  or  over  layer 
unit  mesh  possible.  On  the  other  hand,  the  ability  to  give  a  visual 
display  makes  the  fluorescent  screen  an  Inelegant  detector  from  the 
point  of  view  of  signal  processing.  In  many  applications  beam  currents 
must  be  measured.  Because  the  fluorescent  screen  changes  an  electron 
signal  to  an  optical  signal,  reconversion  to  an  electron  signal  Is 
required. 

Intensities  In  typical  1ntegrated-1ntens1ty-vs-energy  profiles  vary 
over  three  orders  of  magnitude,  requiring  a  similar  dynamic  range  for 
the  fluorescent  screen/detector  combination.  The  response  of  a  phosphor 
screen  can  be  assumed  to  be  linear  over  the  ranges  of  beam  currents  used 
In  LEED.^77)  However,  the  dynamic  range  of  the  phosphor  generally  does 
not  match  that  of  detectors  used  to  measure  the  optical  Intensity  In  a 
diffraction  spot.  Maxima  In  Intenslty-vs -energy  profiles  for  typical 
Incident -beam  currents  may  saturate  the  detector,  if  the  Incident-beam 
current  Is  reduced,  the  minima  In  1ntens1ty-v$-energy  profiles  become 
burled  In  fluorescent -screen  noise,  e.g.,  due  to  stray  light  or 
Inelastic-scattering  background.  A  fluorescent  screen  Is  therefore  not 
Ideal  for  measuring  beam  Intensities  quantitatively.  In  some 
applications  absolute  Intensities  are  not  required.  For  example, 
angular  distributions  are  Independent  of  beam  current  as  long  as  the 
phosphor  and  the  detector  are  not  saturated.  For  such  measurements,  the 
fluorescent  screen  represents  a  detector  with  a  very  good  response. 
Because  the  average  phosphor  particle  slie  Is  typically  of  the  order  of 
micrometers,  the  phosphor  acts  like  a  detector  with  a  continuously 


•ovable,  several  m  wide  aperture,  which  Is  so  small  that  It  contributes 
essentially  nothing  to  the  total  Instrument  response.  Of  course,  this 
optical  signal  must  still  be  converted  Into  electrons,  and  thus  the 
aperture  width  of  the  light-sensitive  detector  Must  be  Included  In  the 
Instrument  response.  The  dynamic  range  must  be  high  for  this  type  of 
measurement. 

An  additional  negative  aspect  of  most  standard  fluorescent  screens 
Is  that  they  are  viewed  In  reflection,  l.e.,  past  the  sample  and  through 
the  grids.  Aside  from  the  fact  the  sample  blocks  part  of  the  field  of 
view  and  that  the  grids  cause  a  loss  of  more  than  half  the  light 
Intensity  from  the  screen  because  of  their  limited  transmission  (each 
grid  has  typically  0.8  to  0.9  transmission),  viewing  In  reflection 
generally  requires  the  detector  to  be  20  to  30  cm  from  the  screen.  This 
causes  a  significant  loss  of  Intensity.  Transparent  fluorescent  screens 
(glass  coated  with  Sn02  and  phosphor)  have  been  used  to  avoid  these 
problems.  A  light-sensitive  detector  can  then  be  placed  directly  behind 
the  screen. 

Spot  telephotometers  have  commonly  been  used  for  recording  the 
dlffracted-beac  Intensity  from  fluorescent  screens.  It  Is  difficult  to 
follow  the  motion  of  diffraction  spots  on  the  screen  with  a  photometer 
as  the  energy  Is  varied,  and  used  fn  the  DC  mode ,  a  photometer  lacks 
sensitivity.  As  a  result,  other  methods  of  measuring  the  brightness  of 
the  fluorescent  screen  have  been  developed.  To  Improve  the  sensitivity, 
Schrott  et  a1.^8^  have  used  a  photodiode  and  synchronous  detection, 
modulating  the  suppressor  grid  at  100  Hz.  Background  light  Is  thus 
effectively  removed.  Stair  et  al.*80*  recorded  Intensities  by 
photographing  the  fluorescent  screen  at  various  diffraction  conditions. 


using  high-speed  35  m  film.  In  this  way  the  Intensities  of  all 
reflections  are  obtained  at  the  same  time  under  Identical  conditions,  a 
method  far  preferable,  in  terms  of  data  reliability,  to  measuring  the 
tntenslty-vs-energy  profiles  sequential ly.  The  film  Is  subsequently 
mechanically  scanned  and  digitized  using  a  computerized 
microdensitometer.  A  computer  program  locates  the  diffracted  bemus  and 
provides  an  Integrated  intensity  for  each  beam  at  each  Incident -beam 
energy.  The  time  to  develop  and  digitize  the  film  Is  long,  resulting  In 
considerable  delay  between  a  measurement  and  the  aval  lability  of  the 
results  of  this  measurement.  A  modification  of  the  scanning  procedure 
uses  a  vldtcon  camera  Interfaced  to  a  minicomputer. (8l»82)  This  reduces 
the  delay  time  between  measurement  and  availability  of  the  results  to 
about  a  day.  An  assessment  of  the  sensitivity  of  this  method  has  been 
made  by  Tommet  et  al.*8^ 

Photographing  the  screen  leads  to  a  reduction  In  total  measurement 
time  by  Introducing  parallel  detection,  rather  than  the  serial  detection 
used  In  a  telephotometer,  but  Introduces  no  detector  gain.  A  reduction 
In  total  exposure  of  one  or  two  orders  of  magnitude  (from  10*6 
electrons/mm2  to  I0l*  electrons/mm2  for  a  set  of  Intensity -vs -energy 
curves  for  all  observable  beams)  Is  achieved  because  of  the  parallel 
detection.  However,  measurements  of  the  Intensity  of  each  reflection 
require  the  same  Incident -beam  current  and  measurement  time  to  achieve 
the  same  S/N  ratio,  wheee  these  measurements  are  obtained  simultaneously 
or  sequentially.  Hence,  In  order  to  achieve  a  net  gain  in  tlm^ 
Inc Ident -beam  currents  must  be  of  the  same  order  of  magnitude  as  for 
photometers.  The  use  of  photography  can  be  eliminated  by  using  a 
vtdicon  camera  to  view  the  fluorescent  screen  directly. m  this 


detection  system,  the  image  on  the  screen  Is  focussed  onto  the  sensitive 
element  of  the  vldlcon  tube,  which  consists  of  tracks  that  are  divided 
Into  a  large  number  of  channels.  The  distribution  of  Intensity  In  the 
channels  of  one  track  is  accumulated  Into  a  memory  array,  with 
simultaneous  subtraction  of  background  light  stored  previously  In  a 
second  array.  This  background- 1 Ight  measurement  Is  made,  for  example, 
by  biasing  the  electron  gun  so  that  the  beam  can't  emerge  or  by  turning 
off  the  screen  voltage.  The  height  of  the  track  as  well  as  the 
magnification  of  the  optical  system  can  be  adjusted,  effectively 
allowing  changes  in  the  detector  dimensions  relative  to  the  Intensity 
distribution  on  the  screen.  The  contributions  of  the  vldlcon  detector 
and  lens  to  the  Instrument  response  have  been  measured  and  shown  to  be 
negligible  compared  to  contributions  from  the  electron  beam.!9)  Thus 
this  type  of  detector  scheme  Is  excellent  from  the  point  of  view  of 
resolving  power,  although,  as  has  been  noted,  the  fact  that  grids  are 
used  affects  the  sensitivity  and  achievable  S/M  ratios  because  the 
background  doe  to  inelastlcally  scattered  electrons  Is  large.  In  a 
direct  application,  a  vldlcon  can  only  measure  dlffracted-beam  profiles 
sequentially,  but  these  can  be  made  In  real  time.  Despite  the  serial 
detection,  the  greater  sensitivity  of  the  vldlcon  relative  to  film  gives 
about  the  same  overall  measurement  time  for  a  set  of  reflections. 
Delays  In  the  availability  of  the  data  are  eliminated  because  the  data 
can  be  analyzed  and  displayed  as  they  are  taken. 

The  addition  of  a  channel  electron  multiplier  array!®)  to  the 
detector  Improves  the  sensitivity  by  Introducing  gain  into  the  detector, 
but  decreases  the  resolving  power.  The  mean  gain  of  a  chevron  (dual) 
channel  electron  multiplier  array  Is  of  the  order  of  10*.  Thus  a 


reduction  In  primary-beam  current  of  10®  gives  In  principle  the  same  S/N 
at  the  same  measurement  times.  Because  of  the  finite  channel  width, 
however,  the  channel  plates  produce  a  spatial  broadening  of  the  Input 
signal.  For  chevron  arrays  this  broadening  Is  accentuated  because  the 
signal  coming  Into  one  channel  in  the  first  plate  gets  spread  Into 
several  channels  In  the  second.  For  a  negligibly  small  beam  Incident  on 
a  typical  channel  size  of  25  im,  the  FMHN  of  the  beam  on  the  screen, 
after  passing  through  the  chevron  plates.  Is  about  75-100  tm,  at  least 
double  that  of  the  vldlcon/optlcs/fluorescent-screen  combination.  If 
the  resolving  power  Is  of  no  concern  (e.g.,  in  1ntens1ty-vs-energy 
profiles,  where  an  Integral  over  the  diffraction  spot  Is  In  any  case 
taken)  this  combination  represents  an  excellent  detector  scheme.  In 
angular-profile  measurements  the  limited  resolving  power  that  results 
with  this  detector  becomes  important.  Although  the  detector  response 
can,  of  course,  be  deconvoluted  from  the  measured  Intensity 
distribution.  It  is  clear  that  the  Increased  sensitivity  of  channel 
plates  brings  a  reduction  In  ultimate  spatial  resolution. 

Because  channel  plate  arrays  are  usually  flat,  the  distortion 
Introduced  in  beams  entering  the  plates  at  angles  away  from  the  normal 
to  the  plates  must  be  taken  Into  account. 

The  sensitivity  of  the  detector  can  be  further  Increased  by 
replacing  the  fluorescent  screen  with  a  position-sensitive  pulse 
detector.  Blth  a  fluorescent  screen  biased  at  typical  energies  of  5 
keV,  the  minimum  measurable  current  (using  a  vldlcon)  Is  estimated  to  be 
1000  pulses/sec.  A  position-sensitive  detector  can  measure  Individual 
pulses.  The  first  such  detector  that  was  constructed  for  LEEo!1®) 
consists  of  a  resistive-anode  encoder  (RAE)  preceded  by  a  chevron 
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channel  electron  Multiplier  array.  An  RAE  Is  a  continuous  resistive 
film  that  acts  as  a  current  divider  for  an  IncoMlng  electron  pulse,  thus 
determining  Its  spatial  position.  Although  this  type  of  detector 
determines  the  centroid  of  the  arriving  pulse,  the  spatial  resolution  Is 
nevertheless  not  good.  The  spatial  resolution  is  determined  by  the 
extent  to  which  the  thermal  noise  perturbs  the  pulse  currents.  Thus  a 
trade-off  between  detector  area  and  maxlmuM  allowable  thermal  noise 
occurs.  For  a  75  mm  square  RAE,  the  lateral  resolution  Is  estlMated  to 
be  between  300  and  400  ^83,84)  can  accommodate  50  fcHi  pulse 
rates.  Data  rates  are  therefore  limited  by  the  Individual  channel  dead 
time  In  the  channel  plate  array,  and  not  by  the  RAE. 

The  ultimate  presently  attainable  sensitivity  and  angular 
resolution  are  provided  by  a  Faraday  cup  detector  with  a  channel 
electron  Multiplier.  Mlth  this  arrangement  Individual  pulses  can  be 
counted,  and  by  making  the  aperture  of  the  detector  arbitrarily  saall, 
any  degree  of  angular  resolution  can  in  principle  be  obtained.  Such 
detectors  are  In  common  use  In  a  variety  of  spectroscopic  techniques, 
including  IEED.  Gronwald  and  Henzler^1^  have  described  a  Faraday  cup 
detector  that  Includes  deflection  plates  In  front  of  the  aperture  so 
that  the  beam  profile  can  be  Measured  without  mechanical  motion  of  the 
detector.  Some  Faraday  cup  detector  designs  contain  no  retarding  grids 
but  nevertheless  provide  Much  better  energy  resolution  than  Is  obtained 
with  detectors  Incorporating  retarding  grids.  Such  detectors  consist  of 
a  deep  cup  in  close  proximity  to,  but  electrically  Isolated  from,  an 
aperture  plate.  The  diameter  of  the  cup  is  several  times  the  diameter 
of  the  aperture,  and  the  depth  of  the  cup  Is  several  times  Its 
diameter.  The  cup  is  biased  to  within  1  to  2  e¥  of  the  energy  of  the 


elastically  scattered  electrons.  This  detector  provides  excellent 
energy  resolution  (of  the  order  of  the  thermal  spread  In  the  Incident 
beam)  without  significant  loss  of  secondary  electrons  from  the  cup. 
Because  the  fields  outside  the  aperture  are  negligible,  the  angular 
distribution  of  electrons  In  the  diffracted  beam  being  measured  is  not 
disturbed.  The  advantage  of  good  energy  resolution  Is  that 
tnelastlcally  scattered  electrons  can  be  eliminated  to  a  much  greater 
degree,  making  the  background  In  angular  profile  measurements  less  of  a 
problem.  Finally,  a  Faraday  cup  detector  Is  the  only  means  of  measuring 
analog  signals  quantitatively.  Hence  It  Is  preferable  for  every 
diffractometer  to  have  two  detectors,  the  Faraday  cup  for  quantitative 
current  and  hlgh-angular-resolutton  measurements,  and  some  form  of 
position-sensitive  para  I  lei -output  detector  for  the  rapid  data 
acquisition  required  for  accurate  structural  determinations  within  the 
time  or  electron  dose  constraints  of  a  typical  surface  crystal lography 
experiment. 

Detectors  for  RHEEO  have  consisted  In  most  cases  simply  of  a 
fluorescent  screen,  although  energy  filtering  and  Faraday  cups  have  been 
used.^1’72,8^  RHEEO  measurements  are  always  made  In  transmission 
through  the  screen,  an  advantage  In  terms  of  sensitivity.  A  light  and 
position-sensitive  prooe  has  been  used  to  measure  RH'.u  beam 
profiles. To  eliminate  variations  In  screen  response,  magnetic 
deflection  of  the  diffracted  beam  has  been  used  to  scan  the  beam  across 
a  fixed  detector. RHEEO  measurements  In  scanning  transmission 
electron  microscopes  are  made  with  somewhat  more  sophisticated  detection 


schemes,  such  as  a  vldlcon  camera  pickup  from  the  fluorescent  screen. 
In  principle,  all  of  the  detection  schemes  discussed  for  l££D  could  as 
well  be  applied  in  RMEEO. 

C.  Goniometers 

The  function  of  a  goniometer  Is  to  position  the  crystal  accurately 
with  respect  to  the  incident  beam  of  electrons  and  the  detector.  The 
Importance  of  such  accuracy  depends  on  the  experiment  being  performed. 
For  angular-prof  1 le  measurements,  absolute  angles  are  not  Important. 
For  intensity- vs -energy  profiles.  It  Is  critical  that  absolute  angles  be 
well  known  and  that  the  repeatability  of  setting  these  angles  be 
excellent.  Although  they  are  not  very  precise,  standard  UHV 
manipulators  are  coamonly  used  for  all  types  of  diffraction 
me  a  su  reagents. 

Goniometers  for  special  purposes  have  been  built.  An  exceedingly 
precise  one^86)  was  constructed  to  perform  automatically  constant - 
momentmu-trensfer-averaqlnq^61,62)  of  Intensities.  The  goniometer  is 
constructed  to  couple  the  motions  of  the  Faraday  cup  and  the  crystal  In 
colatitude,  so  that  the  moment*  transfer  vector  automatically  remains 
constant  as  the  diffraction  conditions  are  varied.  Uncoupling  of  the 
motions  Is  also  possible  to  permit  arbitrary  angles  of  incidence  and 
diffraction. 

For  fine-beam  or  scanning  lEED  applications  It  Is  also  necessary 
that  the  goniometer  be  stable  against  vibrations.  For  such 
applications,  modified  versions  of  manipulators  used  for  scanning  Auger 
spectroscopy  or  similar  techniques  can  be  used. 


Sample  preparation  Is  extremely  Important  In  surface 
crystallography  experiments.  The  magnitude  of  the  problem  can  be 
appreciated  when  it  Is  realized  that  the  outer  few  atomic  layers  provide 
all  the  structural  Information.  It  may  seem  surprising  that  any  surface 
can  be  prepared  well  enough  to  observe  diffraction,  until  one  remembers 
that  the  resolving  power  of  typical  Instruments  Is  only  on  the  order  of 
several  hundred  A  .  Thus  surfaces  that  have  ordered  regions  that  are 
this  large  on  the  average  appear  ‘perfect"  to  the  diffractometer.  More 
Importantly,  ordered  regions  that  are  on  the  average  much  smaller  than 
100  X  still  give  good  diffraction  pictures.  Ordered  regions  as  small  as 
a  few  atoms  across  give  a  measurable  diffraction  pattern  If  there  are 
enough  of  them.  Thus  the  surface  order  does  not  need  to  be  very  good  If 
there  Is  underlying  crystallinity  to  provide  orientational  and 
translational  coherence  between  the  ordered  regions.  Much  of  the 
surface  can  be  covered  with  scratches,  etch  pits,  and  so  forth,  and 
these  will  not  (superficially  at  least)  affect  the  diffraction  pattern, 
especially  when  the  Instrument  has  a  low  resolving  power. 

Nevertheless  it  Is  quite  difficult  ta  prepare  surfaces  for 
diffraction  experiments.  The  best  surfaces,  as  regards  low  defect 
density  and  cleanliness,  are  cleavage  faces  of  crystals  that  can  be 
cleaved  In  vacuum.  These  Include  a  number  of  semiconductor  crystals  and 
the  layer  compounds.  Such  surfaces  can  be  used  to  measure  the 
instrument  response.  Host  crystals  do  not  cleave  readily.  Thus  the 
materials  and  surface  orientations  that  can  be  studied  by  cleaving  In 
vacu*  are  quite  limited.  Nost  surfaces  require  extensive 


preparation.  This  Includes  orienting,  polishing,  and  etching  before 
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further  treatment  In  vacuum.  Orientation  to  the  desired  axis  to  within 
0.5*,  using  Laue  beck-reflection,  is  common  practice;  with  the  use  of  a 
stable  multiaxis  goniometer l87)  and  repeated  attempts  at  polishing, 
accuracy  to  <  0.1®  can  be  achieved.  Frequently  polishing  results  In 
surface  curvature  near  the  edges  of  the  crystal,  resulting  In  an 
apparent  mtsorlentatlon  effect  there.  Thus  care  must  be  taken  to  use 
only  the  center  of  the  crystal  surface  or  to  prepare  a  large-area 
surface  for  diffraction  studies.  The  surface  produced  by  polishing  is 
so  damaged  that  no  diffraction  pattern  is  observable,  generally  even 
with  x-rays.  Subsequent  etching  removes  the  polishing  damage  to  a 
sufficient  degree  to  observe  diffraction  and  also  exposes  the  crystal 
mosaic,  which  may  range  In  metals  from  a  fraction  of  a  degree  to  several 
degrees  for  poorly  grown  crystals.  A  wide  variety  of  etch  and  polishing 
procedures  exists  for  different  materials. I88) 

At  the  stage  of  Introduction  Into  the  vacuum  chamber  there  Is  still 
remanent  surface  damage  and  also  a  contaminant  layer  that  frequently 
consists  of  an  oxide  or  a  carbonaceous  deposit.  These  can  be  removed  by 
thermal,  chemical,  or  physical  treatments,  or  a  combination  of  any  of 
them.^89)  Thermal  annealing  Is  usually  Insufficient  by  Itself  to  clean 
the  surface,  because  of  the  tenacity  of  the  contaminant  layers.  A 
combination  of  chemical  and  heat  treatment  Is  the  gentlest  and  most 
satisfactory  method,  from  the  point  of  view  of  surface  defects,  of 
preparing  the  surface.  It  Is  also  exceedingly  slow.  Generally  an 
oxidation  for  large  periods  of  time  Is  required  to  remove  carbon  from 
the  surface  and  to  deplete  the  near-surface  regions  of  carbon,  as  It 
continues  to  diffuse  to  the  sink  that  Is  provided  by  the  surface. 
Oxidation  leaves  the  surface  with  an  oxide  or  at  least  a  layer  of 


Chemisorbed  oxygen.  Oxygen  may  also  have  diffused  Into  the  lattice.  A 
reduction  In  hydrogen  can  remove  the  oxygen.  The  hydrogen  Itself  may  be 
desorbed  simply  by  heating.  The  resulting  surface  generally  has  good 
crystallinity,  although  It  may  still  contain  a  large  niwber  of 
macroscopic  defects,  such  as  etch  pits,  scratches,  etc.  Thus  the  area 
that  participates  In  the  diffraction  Is  less  than  the  total  surface 
area,  as  can  be  observed  In  noble-gas  dosing  experiments. I9®)  Repeated 
heat  tr-5tments,  required,  for  example,  to  renew  a  surface  after  a 
chemisorption  experiment,  frequently  accentuate  gross  defect  structure, 
so  that  the  surface  may  look  exceedingly  rough  and  nonspecular  after  a 
period  of  continued  use. 

The  second  major  In-sltu  surface  preparation  technique  Is  physical 
removal  of  the  surface  contamination  or  damaged  layers  by  sputter 
etching  with  subsequent  annealing.  Surfaces  prepared  In  this  manner 
always  have  remanent  damage,  with  a  defect  structure  that  Is  rather 
fine-scale  and  frequently  observable  In  the  diffraction  pattern  as  a 
broadening  of  the  angular  profiles  or  an  Increase  In  background. 
Generally  such  damage  cannot  be  annealed  out  In  reasonable  laboratory 
times.  Noble  gases  that  are  used  for  sputtering  are  trapped  In  the 
lattice  to  depths  of  many  tens  of  K  or  more^9^,  causing  displacement  of 
atoms  from  regular  lattice  sites,  strain,  and  dislocations.  Surfaces 
are  frequently  left  with  a  step  structure  and  a  nonequilibrium 
concentration  of  point  defects  that  are  difficult  to  eliminate.  These 
defects  can  markedly  affect  a  number  of  diffraction  measurements, 
especially  measurements  of  the  thermodynamics  and  kinetics  of  overlayer 


ordering.  Thus  sputter  etching  should  not  be  used  on  surfaces  Intended 
as  substrates  for  such  experiments ,  unless  the  purpose  Is  to  study  the 
influence  of  defects  on  ordering. 

Surfaces  can,  of  course,  also  be  grown  In-sltu,  by  molecular-beam 
epitaxy.  These  can  be  macroscopical ly  much  smoother  than  polished 
surfaces.  Insufficient  work  has  been  done  with  diffraction  on  such 
surfaces  to  ascertain  whether.  In  fact,  the  density  of  atomic-scale 
defects  can  also  be  made  lower  than  on  polished  or  cleaved  surfaces. 
The  fact  that  many  of  these  films  are  grown  at  conditions  far  from 
equilibrium  suggests  that  they  may  have  a  relatively  large 
concentration  of  structural  defects. 

VI.  Representative  Experimental  Results 

In  this  section  we  very  briefly  Illustrate  the  discussion  of  the 
different  types  of  measurements  with  examples  that  are  representative  of 
the  data  that  can  be  expected  with  typical  LEEO  and  RHEED 
instrumentation.  Rather  than  presenting  •finished*  results,  we 
emphasize  data  as  they  appear  directly  In  the  measurement. 

Measurements  of  the  Integrated  Intensity  vs.  energy  In  LEEO  have 
been  made  mainly  with  either  a  fluorescent  screen/grid  detector  or  a 
Faraday  cup.  Figure  23  shows  a  comparison  of  " intensity -energy " 
profiles  of  W(100)  taken  In  both  ways.^  The  agreement  between  the 
curves  Is  typical  for  data  taken  at  different  times,  with  different 
detectors,  or  In  different  laboratories.  The  differences  in  peak 
positions  or  peak  Intensities  are  probably  due  to  the  sensitivity  of 
Integrated- Intensity  vs  energy  profiles  to  the  angle  of  Incidence,  with 
even  a  fraction  of  a  degree  causing  significant  changes  In  a  profile. 
The  rising  Intensity  In  the  peaks  and  background  of  the  curve  taken  from 


the  fluorescent  screen  Is  probably  caused  by  the  larger  Inelastic- 
scattering  background  accepted  by  this  detector  relative  to  that 
accepted  by  the  Faraday  cup.  Such  curves  are  taken  at  a  series  of 
different  Incident  angles  and  for  several  diffracted  beams  and  then 
compared  to  dynamical  calculations ( The  order  of  magnitude  of 
experimental  uncertainties  Involved  In  egulllbrlimi  position 
determination  Is  Illustrated  In  Fig.  23.  Added  to  this  are  the 
uncertainties  In  parameters  entering  into  the  calculations  and  the 
difficulty,  mentioned  earlier,  of  defining  satisfactory  reliability 
factors.  The  present  status  of  equilibrium  position  determinations 
appears  to  be  that,  while  the  precision  of  calculations  may  be  as  good 
as  0.01  A  In  the  best  cases,  the  absolute  accuracy  of  structure 
determinations  is  probably  no  better  than  0.03  A. 

Angular-profile  measurements  in  LEEO  are  Illustrated  In  Figure  24. 
which  shows  an  angular  scan  over  four  orders  of  reflection  from  cleaved 
GaAs  (110)  and  GaAs  (110)  that  has  been  spot  ter -etched  and  only 
partially  reordered  by  annealing  and  thus  contains  many  steps. The 
broadening  of  the  reflections  from  the  sputter-etched  surface  Is 
evident.  The  spectra  were  taken  at  a  diffraction  condition  at  which  the 
amplitudes  scattered  from  the  different  terraces  were  out  of  phase 
(l.e.,  near  a  value  of  Gj^at  which  the  rods  In  Fig.  9  are  broadest). 
The  curves  represent  an  average  of  30  scans  requiring  1  m1n.(,z)  Figure 
25  shows  expanded  scans  of  two  profiles  taken  over  Identical  measurement 
times  from  the  sputter-etched  GaAs  (110)  surface  annealed  at  two 
different  temperatures. The  change  in  the  profile  width  and  shape 
Is  evident.  The  slgnal-to-nolse  ratio  can  differ  markedly  for  the  two 
curves,  as  expected.  A  complete  two-dimensional  angular  profile  of  a 


diffraction  spot  (n)  Is  shown  In  Fig.  26.  It  was  determined  by 
repeated  scans,  each  slightly  displaced  from  the  previous  one,  of  a 
very-smal I -aperture  detector  across  the  diffracted  beam.  Low-Intensity 
wings  are  observed  around  the  main  peak.  The  full  width  at  half-maximum 
of  such  angular  profiles  taken  at  a  variety  of  Gj^  values  (!.«.,  at 
different  energies)  and  for  several  beams  Is  generally  used  to  determine 
step  heights  and  extract  surface  step  densities^2**28**’*) ,  average 
overlayer  Island  sizes, (2* .*0,93,94)  or  0tj,er  SUrface  defects. ^*9)  The 
complete  angular  profile  can  be  used  to  determine  the  size  distribution 
of  ordered  Islands  terraces,  rather  than  just  the  average 
slze.^26’63)  The  uncertainty  in  angular  profile  measurements  Is 
typically  not  better  than  5%  of  the  signal,  with  the  resolving  power 

depending  on  the  instrument  response.  In  the  best  cases,  the  resolving 

power  may  be  5.000  to  10,000  A  .  The  fitting  of  complete  angular 

profiles  with  model  calculations  Is  still  In  Its  Initial  stages,  and 

thus  there  can  be,  at  present,  only  little  confidence  even  In  the 
uniqueness  of  overlayer  and  surface  defect  structure  determinations.  As 
better  models  are  developed,  a  rapid  Improvement  In  the  quantitative 
nature  of  structural  defect  determinations  can  be  expected. 

RHEED  measurements  of  angular  profiles  are  Illustrated  In  Fig.  27. 
which  shows  contour  maps  of  RHEEO  streaks  for  the  ordering  of  a  GaAs 
layer  deposited  onto  a  6aAs  (001)  surface. The  contour  maps  show 
that  for  longer  ordering  times  the  streaks  are  becoming  shorter  and 
turning  Into  spots.  Indicating  Increased  order  in  the  over layer. 
Similar  measurements  are  being  made  on  stepped  surfaces. I68)  Models 
being  developed  for  defect  structure  analysis  are,  of  course,  equally 
applicable  to  RHEEO  data. 


Intensity-temperature  measurements  used  to  determine  both  mean 
square  vibrational  amplitudes  In  surfaces  and  the  positions  of  phase 
boundaries  are  Illustrated  In  Fig.  28.  The  temperature  decay  of  he 
‘peak"  Intensity  of  the  (1/2.1/2)  superlattice  reflection  for  saturation 
coverage  of  a  W(110)p(2xl)-0  layer Is  plotted  along  with  the  change 
In  width  of  the  angular  profile.  Both  the  measured  Intensity  and  the 
Intensity  corrected  for  Instrwent  response  are  shown.  The  Oebye-Waller 
factor  has  not  been  accounted  for.  it  Is  given  by  a  straight-line  fit 
to  the  data  at  low  temperatures.  The  deviation  from  this  straight  line 
Indicates  a  phase  transition.  Such  measurements  are  repeated  at  various 
coverages  (see  Fig. 20)  to  establish  the  boundaries  In  the  overlayer 
phase  diagram.  Measurements  at  various  energies  and  for  various  beams 
give  the  ^Sj  dependence  of  the  Debye-Waller  factor,  but  should  all  give 
the  same  position  of  the  phase  boundary  at  a  given  coverage.  A  careful 
analysis  of  the  shape  of  the  intensity  decay  curve  can  lurtlnermore 
provide  Information  on  finite-size  effects,  correlation  lengths,  and  the 
nature  of  the  phase  transition.  Including  the  determination  of  the  order 
of  the  transition^86)  and  the  values  of  critical  exponents.^95) 
Intensity-temperature  and  angular  profiles  can  also  be  observed 
dynamically  as  a  function  of  time  at  fixed  coverage  and  temperature  to 
follow  the  growth  of  an  overUyer  or  surface  phase.  From  the  behavior 
of  the  width  and  maxlmua  Intensity  with  time  at  different  temperatures 
It  Is  then  In  principle  possible  to  determine  activation  energies  and 
preexponential  factors,  as  well  as  the  growth  law  operative  for  the 
ordered  structure. 

intensity-temperature  measurements  have  been  made  for  a  number  of 
years.  Initially  to  determine  the  Debye-Waller  factor  and  thermal- 
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diffuse- Intensity  for  clean  surfaces  and  later  to  determine  phase 
diagrams  for  overlayers.  Debye-Waller  factor  measurements  are  difficult 
to  Interpret  In  term  of  surface  vibrational  amplitudes  because  of  the 
finite  and  exponentially  decaying  penetration  of  the  electron  beam.  Few 
phase  diagram  measurements  have  been  made.  Difficulties  Me  In  the 
Interpretation  of  the  temperature  decay  In  terms  of  the  position  of  the 
phase  boundary  at  different  coverages,  as  Illustrated  in  Fig.  20,  and 
the  relationship  between  the  diffracted  Intensity  and  the  existing  order 
on  the  surface. 

VII.  Conclusions 

In  this  chaper,  we  have  attempted.  In  a  tutorial  fashion,  to 
provide  the  basic  elements  necessary  for  an  understanding  of  surface- 
sensitive  diffraction  techniques.  The  emphasis  has  been  on  those 
aspects  that  will  help  the  reader  evaluate  the  power,  as  well  as  the 
limitations,  of  diffraction  techniques  to  study  surface 
crystallography.  Nuch  of  what  has  been  said  In  the  early  sections  of 
this  chapter  is  also  applicable  to  graying- Incidence  x-ray  diffraction 
and  to  atomic-beam  diffraction,  although  they  have  not  been  explicitly 
mentioned.  Of  necessity,  a  number  of  other  techniques  have  not  been 
discussed.  One  of  these,  the  measurement  of  surface  extended- x-ray- 
absorptlon  fine  structure  (EXAFS),  a  potentially  quite  p<Merfu1 
diffraction  technique,  can  be  used  to  determine  the  local  structural 
environment  (l.e.,  nearest -neighbor  distances)  around  Individual  types 
of  surfaces  atoms.  It  Is  based  on  measuring  the  diffraction  of  a 
spherical  wave  that  represents  a  photoelectron  (or  a  core  level  electron 
excited  by  any  other  technique)  emitted  from  a  particular  type  of 
atom.  The  resulting  intensity  as  a  function  of  momentum  transfer  can  be 


evaluated  as  In  the  early  parts  of  this  chapter.  The  major  difficulties 
with  the  technique  appear  to  be  the  extremely  small  signal  levels  and 
the  limited  range  in  aomentm  transfer  that  Is  accessible,  leading  to 
relatively  large  uncertainties  In  the  determination  of  the  positions  of 
the  nearest-neighbor  atoms. 

Limited  surface  crystallography  Information  Is  also  provided  by 
other  techniques  that  are  not  related  to  diffraction.  They  are  too 
numerous  to  mention  here.  The  most  Important  of  them  are  Ion-beam 
techniques,  which  are  reviewed  elsewhere  In  this  book. 

Finally,  a  review  of  the  experimental  aspects  of  a  technique  or 
class  of  techniques  should  provide  an  evaluation  of  the  state  of  the  art 
as  well  as  a  prognosis  for  the  future.  In  our  view,  the  development  of 
technology  for  surface-sensitive  diffraction  has  lagged  considerably 
behind  that  of  other  surface  analysis  techniques.  This  is  now  beginning 
to  change,  as  the  importance  of  high-quality,  quantitative  structural 
Information  In  the  Interpre' atlon  and  evaluation  of  the  output  of 
surface  spectroscopies  Is  becoming  Increasingly  apparent.  One  can 
expect  the  significant  advances  In  detection  schemes,  efficiency,  and 
resolving  power  In  LEED  and  RHEED,  as  well  as  an  overall  Improvement  In 
the  quality  of  RHEED  systems  and  In  their  response.  One  can  also  expect 
application  of  these  techniques  to  a  widening  range  of  problems,  as  well 
as  a  recognition  of  the  necessity  of  understanding  Instrumental 
parameters  to  obtain  truly  quantitative  Information.  A  further  Impetus 
to  this  development  Is  the  recent  marriage  of  surface  science  and 
ultrehlgh-vacuua  technology  with  high-energy  electron  microscopy  and 
diffraction,  a  field  at  the  forefront  of  technology  In  «dilch  the  ideas 
of  instrumental  response,  data  quality,  and  quantitative  interpretation 
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of  results  are  finely  established.  It  Is  likely  that  this  union  will 
bring  significant  advances  both  In  our  understanding  of  surface 
crystallography  and  In  the  development  of  experimental  techniques. 
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figure  Captions 

Fig.  1  Reciprocal  lattice  and  Ewald  construction  for  a  crystal 

illuminated  by  penetrating  radiation,  a)  Diffraction  geometry 
and  energy  appropriate  for  IEED;  b)  diffraction  geometry  and 
energy  appropriate  for  RHEED.  The  relationship  between  the 
separation  of  reciprocal-lattice  points  and  the  length  of  the  k^ 
vectors  corresponds  to  a  lattice  with  3  A  lattice  constant  and 
energies  of  ISO  eV  and  10,000  elf  respectively. 

Fig.  2  Reciprocal  lattice  for  a  single  plane  of  atoms  and  Ewald 

construction  for  a)  IEED  and  b)  RHEED  geometries.  The 
relationship  between  the  separation  of  rods  and  the  lengths  of 
the  ±  vectors  corresponds  to  a  lattice  with  3  A  row  spacing  and 
energies  of  ISO  eV  and  10,000  e¥  respectively.  The 
Intersection  of  the  Ewald  sphere  and  reciprocal-lattice  rod  In 
b)  Is  misleading.  The  widths  of  the  lines  for  both  the  Ewald 
sphere  and  the  reciprocal-lattice  rod  vastly  exceed  physically 
realistic  values. 

fig.  3  Reciprocal  lattice  and  Ewald  construction  for  a  crystal 

Illuminated  by  weakly  penetration  radiation.  The  reciprocal 

lattice  Is  generally  drawn  as  a  set  of  rods  with  the  positions 
of  the  third  laue  condition  Indicated.  The  Ewald  construction 
is  drawn  appropriate  for  LEEO.  The  variation  of  the 
interference  function  with  Geelong  a  rod  Is  Indicated  on  the 
right.  The  real  lattice  to  which  this  reciprocal  lattice 
corresponds  is  shown  on  the  bottom. 


Fig.  4  Dependence  of  the  mean  free  path  of  electrons  for  Inelastic 
scattering,  A<nej,  on  their  kinetic  energy.  The  hatched  area 
Indicates  the  range  of  values  of  that  have  been  measured 

for  different  materials. 

Fig.  $  Cut  In  the  _a  direction  through  the  reciprocal  lattice  of  a  two- 
dimensional  crystal  that  contains  random  lattice  strain  in  the 
a_  direction.  The  reciprocal -lattice  rods  broaden  with 
Increasing  order,  h,  of  reflection.  The  hatched  regions 
represent  the  full  width  at  half  maximum  of  the  Intensity 
distribution.  The  (00)  rod  Is  not  sensitive  to  strain 
broadening.  The  widths  are  greatly  exaggerated. 

Fig.  6  Schematic  illustration  of  mosaic  structure  In  a  crystal  and  the 
reciprocal  lattice  corresponding  to  the  surface.  a)  Mosaic 
structure,  with  an  average  mlsorlentatlon  angle,  a.  The 
mlsorlentetlon  Is  vastly  exaggerated.  b)  Cut  In  the  a_ 
direction  through  the  corresponding  reciprocal  lattice,  which 
consists  of  many  reciprocal  lattices  all  with  a  common  origin 
but  mlsorlented  with  respect  to  each  other  by  the  angle  a.  The 
crystallite  si «  Is  assuaed  large  enough  to  produce  narrow  rods 
as  shown. 

Fig.  7  Cut  In  the  a_  direction  through  the  reciprocal  lattice  of  a 
vicinal  surface  with  monoton leal ly  Increasing  steps  and  a 
constant  terrace  slie.  a)Surface:  a  Is  the  row  spacing,  d  the 
plane  spacing,  and  L  the  separation  of  terraces,  b)  reciprocal 
lattice:  the  narrow  rods  represent  the  reciprocal  lattice  of  a 
lattice  whose  unit  vector  Is  L.  The  separation  of  rods  and 
their  Inclination  depend  on  the  terrace  size  L.  The  hatched 
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rods  represent  the  reciprocal  lattice  of  a  finite  lattice  (each 
terrace)  whose  unit  vector  Is  a.  The  complete  reciprocal 
lattice  for  each  terrace,  called  the  terrace  structure  factor. 
Is  shown  above  the  figure.  Diffraction  features  occur  when  the 
product  of  the  two  reciprocal  lattices  is  nonzero.  The  period 
in  the  appearance  of  diffraction  features  gives  the  inverse  of 
the  layer  spacing,  d.  The  figure  Is  drawn  for  a  terrace  size 
of  8  a tows. 

Fig.  R  Cut  In  the  £  direction  through  the  reciprocal  lattice  of  a 

stepped  surface  with  constant  terrace  size  and  steps 

alternately  up  and  down,  a)  Surface,  b)  two  structure  factor 
components,  c)  complete  reciprocal  lattice.  |F 1 1 2  Is  the 
structure  factor  of  the  (infinite)  lattice  irfiose  unit  mesh 
vector  Is  10a.  |F^ | 2  is  the  structure  factor  of  a  single 

terrace  (five  rows  wide)  with  unit  mesh  vector  a.  The  complete 

reciprocal  lattice  consists  of  delta-function  rods  that  have 
zero  intensity  at  periodic  positions  in  G|^  The  blackness  of 
the  lines  is  meant  to  Illustrate  the  intensity.  The  periodicity 
reflects  the  inverse  of  the  layer  spacing.  The  periods  In 
panel  c)  are  not  in  scale  with  the  lattice  periodicity  shown  In 
panel  a). 

Fig.  9  Cut  in  the  £  direction  through  the  reciprocal  lattice  for  a 

surface  with  AB  stacking  that  has  randan  up  and  down  step  edges 
occurring  at  random  intervals.  a)  Surface,  b)  reciprocal 
lattice.  The  hatched  regions  represent  the  FMIfl  of  the 


Intensity  distribution.  This  width  is  related  to  the  average 
terrace  size.  The  periodicity  In  6j^reflects  the  Inverse  of 
the  step  height. 

Fig.  10  Cut  in  the  ±  direction  through  the  reciprocal  lattice  for  a 
surface  with  AB  stacking  that  contains  a  wide  distribution  of 
step  heights  that  are  multiples  of  the  monatomic-step  height. 

Fig.  11  Cuts  In  the  a_  direction  through  reciprocal  lattices  for  a 
p(Z*l }  overlayer  on  an  Infinite,  perfectly  ordered  substrate. 
THe  overlayer  atoms  are  assumed  to  sit  In  bridge  sites,  so  that 
the  layer  and  substrate  appear  to  form  on  AB  stacking  sequence. 

a)  Compl  ete,  infinite,  and  perfectly  ordered  overlayer.  Sharp 
half-order  rods  appear,  b)  Low-coverage  overlayer  broken  up 
Into  finite-size  Islands.  Upper  panel:  cut  at  a  particular 
6j.  Lower  panel:  behavior  as  a  function  of  G^.  The  hatched 
areas  represent  the  FhHH.  The  half-order  rods  are  broad  and  the 
fundamental  reflections  contain  a  diffuse-intensity  halo.  Its 
behaviour  with  Gj^  depends  on  the  scattering  phase  shift 
differences  between  overt ayer  and  substrate  atoms  and  on  the 
over layer-substrate  distance.  The  width  and  shape  of  the 
superlattice  rods  are  related  to  the  average  island  size  and 
the  size  distribution,  c)  Saturation-coverage  overlayer  with 
antiphase  domain  boundaries.  Upper  and  lower  panels  as  in 

b) .  The  superlattice  reflections  are  broad  as  In  b).  Their 
width  and  shape  reflect  the  average  domain  size.  The 
fundamental  reflections  do  not  have  a  diffuse-intensity  halo. 
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Fig.  12  Schematic  diagram  of  an  overlayer  containing  a  twin  boundary 
and  the  resulting  reciprocal  lattice,  a)  Surface:  Overlayer 
atoms  on  one  side  of  the  twin  boundary  occupy  sites  that  are 
displaced  by  1/3  of  a  substrate  lattice  constant,  b)  Cut  in 
the  £  direction  through  the  corresponding  reciprocal  lattice. 
The  hatched  areas  represent  the  FWHM.  Every  third  rod  is  not 
sensitive  to  the  twin  boundary,  because  all  atoms  scatter  In 
phase.  Other  rods  broaden  and  reflect  the  twin  site 

distribution.  Relatively  thick  overlayers  are  assumed  so  that 
there  Is  no  Interference  with  the  substrate.  The  upper  panel 
shows  a  cut  at  a  particular  Gj.  From  Ref.  48. 

Fig.  13  Cut  In  the  £  direction  through  the  reciprocal  lattice 
corresponding  to  a  layer  that  consists  of  ordered  regions  that 
are  translationally  random  In  the  £  direction.  The  layer  Is 
assumed  thick  enough  so  that  no  Interference  with  the  substrate 
occurs.  The  upper  panel  shows  a  cut  at  a  particular  Gj. 

Fig.  14  Schematic  diagrams  In  real  and  reciprocal  space  Illustrating 
various  contributions  to  Instrumental  broadening.  a)  Energy 
spread  (either  In  the  Incident  beam  or  due  to  detector 
resolution),  (00)  reflection.  Integration  over  a  range  In 
occurs,  but  no  spread  In  G||.  b)  Energy  spread,  nonspecular 
reflections.  An  Integration  over  a  range  In  Gj^and  a  spreading 
In  Gj |  result,  c)  Angular  divergence,  for  a  beam  focussed  on 
the  detector.  An  Integration  over  a  range  In  Gj^ results,  but, 
because  the  particular  beam  (here  chosen  to  be  (00))  was 
focussed  on  the  detector,  there  Is  no  uncertainty  In  G|j.  d) 
Angular  divergence,  general  case.  Both  an  integration  over  a 


range  In  G|  and  an  uncertainty  In  1»j  |  result,  e)  Finite  beam 
diameter.  An  uncertainty  in  Gj|  results  that  differs  for 
different  beams,  f)  Finite  detector  aperture.  An  uncertainty 
In  G|  |  results  that  Is  the  same  for  all  beams.  In  all  cases 
the  contributions  are  greatly  exaggerated  for  Illustration. 

Fig.  IS  Schematic  diagrams  in  real  and  reciprocal  space  of  the  major 
types  of  LEED  measurements.  *^0  (s  the  angle  of  Incidence 
measured  from  the  surface  normal,  «^1s  the  angle  the  scattered 
beam  makes  with  the  surface  normal,  and  a  Is  the  tilt  angle  of 
the  crystal . 

Fig.  16  Schematic  diagrams  In  real  and  reciprocal  space  of  RHEED 
measurements.  The  dashed  line  In  b)  indicates  the  path  of  the 
detector,  or  the  deflection  of  the  diffracted  beam  across  a 
fixed  detector. 

Fig.  17  Schematic  diagram  of  a  f Ued- aperture  measurement  at  various 
energies  (an  " Intensity- vs-energy  profile")  for  a  surface  that 
contains  randomly  distributed  steps.  Illustrating  the  effe»t  on 
the  fraction  of  the  Bragg  Intensity  that  Is  collected.  ’he 

solid  bar  represents  the  detector  aperture.  It  always  has  the 
same  solid  angle,  du.  At  an  In-phase  condition,  all  of  the 
Bragg  Intensity  Is  collected.  At  an  out -of -phase  condition,  a 
fraction  that  depends  on  energy  and  aperture  sice  Is 
collected.  From  Ref.  S9. 

Fig.  lBSchemallc  diagrams  of  Integrated  tnten$1ty-vs-energy 

measurements  at  constant  momentum  transfer,  a)  Constant 
azimuthal  angle,  a.  varying  colatitude  angle,  «?g.  b)  Constant 
colatitude  angle  *^0,  varying  azimuthal  angle,  a. 
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Fig.  19  Dependence  on  2*  of  the  relative  values  of  the  Integrals  over  a 
ftrlllooln  zone  of  the  Bragg  scattering,  one-phonon  thermal 
diffuse  scattering,  and  nultlphonon  scattering.  Froia  Ref.  65. 

Fig.  20  Generic  phase  diagram  for  comaensurately  adsorbed  overlayers 
and  intenslty-vs-temperature  measurements.  The  phase  diagram 
plots  the  allowed  phases  at  any  temperature  as  a  function  of 
coverage.  1  Is  an  ordered  phase  with  a  particular  structure. 
l.G.  (lattice  gas)  is  the  disordered  phase.  Coexistence 
regions  always  occur  If  the  adatoms  have  an  attractive 
Interaction.  The  dependence  of  the  intensity  on  temperature  at 
points  a,  b,  and  c  Is  Indicated  schematically.  The  Debye- 

Waller  factor  has  been  removed.  The  Integral  Is  over  the 

diffracted  beam,  which  at  j  and  c  becomes  increasingly  broad  as 
T  Increases.  At  a.  tiie  reflection  remains  sharp  as  long  as 
there  Is  any  order,  and  the  Integral  Is  equal  to  the  peak 

intensity  when  measured  with  a  typical  Instrument. 

Fig.  21  Schematic  diagram  of  a  LEED  diffractometer  with  Faraday  cup  and 
vtdlcon  detectors. 

Fig.  22  Schematic  diagram  of  a  RHEEO  diffractometer  with  light 

sensitive-diode  detector  and  magnetic-field  deflection  of 
diffracted  beams.  From  Ref.  68. 

Fig.  23  Comparison  of  "Intenslty-vs-energy"  profiles  for  W(100)  taken 
'«1th  a  Faraday  cup  (dashed  curve)  and  with  a  vldlcon  detector 
(solid  curve).  The  two  curves  are  normal Ized  at  00  elf.  From 


Fig.  24  Angular-profile  measurements  of  the  (01)  to  (04)  beams  from 
GaAs(llO)  surfaces,  a)  cleaved  In  vacuum,  b)  sputter-etched  and 
annealed.  The  energy,  180  eV,  Is  near  an  out-of-phase 
condition  for  the  stepped  surface.  The  (01)  beam  Is  at  the 
right.  From  Ref.  92. 

Fig.  25  Comparison  of  two  angular  profiles  of  the  (01)  beam  from  a 
sputter-etched  Gate  (110)  surface  that  has  been  annealed  at  two 
different  temperatures ;  Solid  curve:  350*C  for  10  min.,  dashed 
curve:  560aC  for  10  min.  Each  curve  Is  the  average  of  30 
scans,  requiring  approximately  one  minute.  The  curves  are 
normalized  at  their  maxima.  The  actual  peak  Intensities  differ 
by  a  factor  of  7.  From  Ref.  92. 

Fig.  26  Two  menslonal  angular  profile  of  the  (00)  reflection  from 
SI ( 111)  at  180  eV.  From  Ref.  11. 

Fig.  27  Contour  maps  of  RHEED  profiles  taken  at  two  different  times 
after  deposition  of  Ga  onto  a  GaAs  (001)  surface  In  the 
presence  of  an  As  background.  With  Increased  time  the  streaks 
sharpen  to  spots,  demonstrating  increasing  order  in  the 
surface.  From  Ref.  57. 

Fig.  28  Intensity-temperature  measurement  for  the  disordering  of  a 
saturation-coverage  11(110)  p(2xl)-0  layer;  0:  Measured  "peak" 
Intensity,  Intensity  corrected  for  instrument  response.  The 
change  In  width  of  the  angular  profile  (--)  and  the  Instrument 
response  function  width  (...)  are  also  slHMn.  From  Ref.  74. 
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